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PREFACE 


TnR term "run* elements" is conveniently applied to those 
members ef the Periodic Table whn.se chemistry is little known. 
Home of these elements lire so scarce that their study has of 
necessity been difficult ; ethers nre abundant in nature, hut 
their development has been retarded hy luck of suflirient interest ; 
still others have only recently been discovered, and sufficient 
time has not yet elapsed for t hem to lose the ini crest, inherent 
in newness. The "rare elements" then should lx* understood 
to include those, elements which are little known either because 
of scarcity, neglect, or ignorance. The chemistry of some nf 
these elements is developing rapidly, since we are just liegimiitig 
to appreciate something of their interest and usefulness. Rapid 
advancement, has followed such an awakening, and tin* names 
of some such substances have become household words. In 
other eases interest has liecn less keen and advancement has 
hnen slow. 

Hie purpose of this work is to call attention both to tin* ad- 
vances which have recently been made ill our knowledge of the 
so-called "rare" elements and also to the need of further re- 
search in the development of many of the less familiar elements, 
This Issik is the outgrowth of a Icelure course given for many 
years at the University of Illinois, firsl by Dr, Clarence W. 
Balke, ami later by the author. This course has been essen- 
tially a study of the Periodic Table with s|K*cinl reference to 
the elements which are treated very briefly or entirely ignored 
in most textbooks on Inorganic Chemistry. l**or the presen ( 
course a working knowledge of the common elements is under- 
stood, and they are mentioned briefly for the purjjose of show- 
ing the relationship between tin* rare elements ami fheir more 
familiar neighbors. 

The chemistry of many of the rare elements is still in a 
decidedly chaotic state. The literature contains conflicting 
statements, misleading discussions, and downright, errors. In 
such cases the author has attempted to select those statements 
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which seem to bear the greater weight of authority. Where 
differences of opinion exist for the settling of which more in- 
formation is needed, an attempt has been made to present an 
impartial summary, Care has been exercised to eliminate as 
far as possible inaccurate, misleading, and untrue statements. 
It is too much, however, to expect that a book of this sort can 
be made free from errors either direct or implied. The author 
will be glad to have his attention called to any undetected 
errors, for which he alone must be held responsible. Sugges- 
tions will also be gladly received. 

In a course which has been developed by a process of this sort 
many of the original sources of information have been lost. 
The writer would be glad to acknowledge his indebtedness to 
every author from whom information has been received, but 
this is manifestly impossible, since the material has been col- 
lected from a very wide range of sources and over a period of 
several years. Much material has been gleaned from such 
standard works as : Abegg, Handbuch der anorganischen Chemie; 
Browning, Introduction to the Rarer Elements; Friend, Text- 
book of Inorganic Chemistry; Gmelin-Kraut, Handbuch der 
anorganischen Chemie; Johnstone, Rare Earth Industry; Levy, 
Rare Earths; Mellor, Modern Inorganic Chemistry; Roscoe and 
Schlorlemmer, Treatise on Chemistry; Schoeller and Powell, 
Analysis of Minerals and Ores of the Rarer Elements; Spencer, 
Metals of the Rare Earths; Stewart, Recent Advances in Inorganic 
and Physical Chemistry ; Venable, Zirconium; and many others. 
Constant use has also been made of the current scientific jour- 
nals. An attempt has been made to give sufficient references 
to the literature to permit the student who is interested in any 
particular phase of the discussion to pursue his investigation 
farther. These references also serve the double purpose of 
giving the authority upon which certain statements are made 
and of acknowledging the author’s indebtedness for the infor- 
mation given. 

The author is especially indebted to the following persons 
who have read portions of the manuscript and offered many 
helpful suggestions for its improvement, or have contributed in 
various ways in the compilation of the material : C. W. Balke, 
H, G. Deming, Saul Dushman, E. A, Engle, W. D. Engle, W, D. 
Harkins, Maude C, Hopkins, H. C. Kremers, Victor Lenher, 
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R, B. Moon*, W. A. Noyes, Rosalie M- Parr, (1- W, Heats, 
Rmler'ick Roddy, Marion K. Sparks, Kdward W ichors, I,. Jf', 
Ynteina. The students who have Ijooii enrolled in the* course, 
osjierially during (lit; two years that the manuscript haw I toon 
used in mimeograph form, have contributed materially through 
their interest in the subject, matter and the inspiration which 
they have furnished. To aii of these, as well as to the. writers 
whose works has been consulted, the author w'ishes to express 
his profound gratitude. 

If this book serves to create greater interest, in those elements 
which are usually slighted in the study of Inorganic. Chemistry, 
the author will feel amply repaid for the work which has been 
necessary in the assembling and editing of the material herewith 
presented. 

H. H, IIOPKINH 

UuiIANA, I WJNU1H, 

August I, lOZ't. 
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OIIAPTKlt I 

THE PERIODIC SYSTEM 

Historical, — Between 1802 and ISOM occurred the historic 
rout rovers v hetweeu I'ronst. and Berthnllet 1 concerning the 
Law of Fixed I tut ins. This discussion ended with Proust con- 
vincing ciieiiusts that rheinirul coni|Kitiuds jmisscss u definite 
com|K)Sttion. In 1X08 John Dalton published 9 a connected 
account nf his Atomic Theory, u|kiii which modern chemistry 
is bused, In this way the theory of elements dime to he ac- 
cepted junong scientific men, and very quickly efforts were 
made to find a fundamental relationship het weeu various ele- 
mental forms of matter. 

lit 18 15 Brunt ended attention * to the fuel that when the 
atomic weights of the dements were expressed upon the hydro- 
gen basis, the values of the other elements were very dose to 
whole numbers, and expressed the opinion that hydrogen was 
the primary dement from condensations of which resulted all 
of the other so-called dements. Front's Hypothesis wns re- 
ceived enthusiastically by some and ridiculed by others. The 
discussion concerning this theory has occupied the minds of 
scientific men of all nations fur a large part of the nineteenth 
century and in a modified form has continued down to flu* 
present time, 

Thomas Thomson, in England, was an enthusiastic follower 
of Front who tried to show experimentally * that the ilyjKithcHia 
was true. His results wen* questioned especially by Berzelius, 
in Sweden, whose revised table of atomic weights, published in 

' HtS' MU* l'Vt>iuul. Thr Stuity nf Chf.mirrU (Uimpunitteu, ('» (til ir Sign Uni- 
ventity t’ri'wi. C.KH, dmt'tor v, mill Hnrl-m. .Vulue*, 50 HU (1MM). 

1 A Nrtp Synlrm it/ Chrmiral Phitmophy, 'J vulit, I SO 7 III. 

* Ann, Phil, 11 :i2l (IHIfi), Hint 13 III HsIU). 

^ * An Attempt to KtUtbluth Ihs Fir»l Priori idem af Chemudry by Bxperimmt, 
wbnetoo, 1825. 
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1825, contained values which differed widely from Tl omson's. 
Gmelin, in Germany, was inclined to accept the Hypothesis, 
and Dumas, in France, was outspoken in its support, especially 
after his work 1 upon the atomic weight of carbon showed that 
the ratio between carbon and hydrogen was almost exactly 
12 to 1. The accurate determination of the atomic weight of 
chlorine 2 by Marignac, in France, showed its value to be almost 
exactly 35.5. This led Marignac in 1844 to propose that the 
Prout unit be half the atomic weight of hydrogen. Dumas 
welcomed this suggestion, but his own work 3 later led him to 
suggest the adoption of ^ the hydrogen atom as the ultimate 
unit. In 1860 the classic atomic weight work of Marignac 
and Stas gave values showing variations altogether too large to 
be accounted for by experimental error and made further sub- 
divisions of the " unit ” necessary. So the Hypothesis lost 
standing owing to the necessity of frequent revision of the ulti- 
mate unit. 

In . 1880 interest in the idea was revived by Mallet 4 whose 
work upon the atomic weight of aluminium showed that it 
belonged to the long list of elements whose equivalents are 
approximately whole numbers. Mallet called attention to 
the fact that 10 of the 18 elements whose atomic weights were 
best known had atomic weights differing from whole numbers 
by less than ^ of a unit. He suggested that possibly certain 
constant errors might have influenced the accepted values of 
certain elements. A more recent revival of interest in Prout’s 
Hypothesis was produced by Strutt, who called attention s to 
the fact that of the elements whose atomic weights are most 
accurately known, 12 have values which are almost exactly 
whole numbers. This is a far larger number than can be 
accounted for by the law of probability, so that " we have 
stronger reasons for believing in the truth of Prout’s Law than 
in that of many historical events which are universally accepted 
as unquestionable.” Along the same line Harkins has pointed 
out 6 that the atomic weights of 17 of the first 21 elements show 
an average deviation from whole numbers of 0.05 and argues 
that such a situation cannot be explained on the basis of chance. 

* Dumas and Stas, Ann. chim. phys. 3 (HI) 5 (1841). 

2 Compt. rend. 14 570 (1842). 4 Am. Chem. Jour. 3 95 (1880). 

» Ann. chim. phys. 3 55, 129 (1859). 8 Phil. Mag. 6 (i) 311 (1901). 

* Jour. Am. Chem. Soc. 37 1370 (1915). 
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The theory that the elements are in reality a series «f con- 
densation products of norm* primal element which must re- 
semble the* pmt.yle, of the ancient philosopher* Inis been a 
fascinating theory from the beginning. It has been repeatedly 
(Icnotinceil its an illusion, but nevertheless it has continued to 
claim periodic nttentinn among scientists. In the light- of 
modern theories of atomic structure, it is not strange that the 
Hypothesis of Prout. should reappear in modified form, Harkins 
anti Wilson have shown 1 that at least the lighter elements may 
he considered as composed of a certain number of atoms of 
hydrogen and helium. This theory finds striking confirmation 
in the study of the radioactive elements .and from the experi- 
ments of Rutherford, who has fount! evidence* for the con- 
clusion that nitrogen atoms may Ik* disrupted by bombardment 
with alpha particles, with the liberation «f hydrogen. 

That the elements possessed relationships of a different Hurt 
was shown soon after the establishment of Dalton's Atomic 
Theory, As early as 1817, Doehereiiter culled attention to the 
fact that strontium hud an atomic weight which was very close 
to the mean of the values for calcium and barium, while these; 
three elements showed close similarity in both physical mid 
chemical properties, Rater be also showed that there are 
other triads in which the same general relationship exists, such 



Atomic Wkimuth 

Mkan 

Calcium . . , 

. . 10.07 


Strontium . . . 

. . H7.(« 

88.72 

Bari mu , . , . 

. . r.t7.:<7 


Chlorine , . . 

. . '.t'lcKi 


Briimine . . . 

. . 70.02 

81.10 

Iodine , . . . 

. . 120.02 


Sulfur .... 

. . :t2.«HI 


Selenium , , . 

. . 70.2 

70.78 

Tellurium . . . 

. . 127.5 



The Triads of Doeltereiner apparently created very little 
interest, for it was not until 1850 that Pef lenkofer took the 
next step when he expressed the belief that the differences 

1 Jiiur. Am. Chntt, X»r, 87 1.0117, l.'thH flIMfi). 

* K. K, llnUicrfnnl. t r hil. Mitt/. 37 tint 
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between the atomic, weights of the momlwrs of :i " natural 
group ” were multiples nf a constant number, thus: 


lithium . 

Atomic 

Weights 

. 7 

Diffhiu 

BNCK» 

1(5 

Oxygon - - 

AtkmIC 

Wrights 

Hi 

OlFKKIt* 

UNCKH 

1(1 

Sodium 

. 23 

1G 

Bnlfnr . - 

32 

3X Hi 

Potassium 

. 39 


Selenium . 

80 

3X Hi 




Tellurium . 

127.5 


In 1853 Gladstone 

arranged 1 

the elements 

in (he 

order of 


increasing atomic weights, but- so many of the values accepted 
at that time were faulty that no broad generalization was 
possible. 

In the following year J. P. ('ool<e discussed ! " the numerical 
relations between the atomic weights with some thoughts on 
the classification of the chemical elements,” Mr pointed out 
that Doebereiner's Triads artually broke up natural groups of 
elements, as, for example, the halogen group which contains 
four closely related elements. He projaised a classification 
by which the elements were divided into series, similar to tilt! 
homologues of Organic Chemistry. He took into eonsidenit inn 
the general chemical analogies of the elements, the tyjH's and 
relations of their compounds, and the crystallographic relations 
as well as the physical and chemical properties, Cooke's 
classification is generally regarded as the first, effort to arrange 
the elements in groups by means of a comparative study of all 
the available chemical facts. 

In 1857 Oclling arranged * the elements in accordance with the 
u totality of their characters” and found 18 triads some of 
which were double and some incomplete. In each case the 
intermediate term " is possessed of intermediate properties 
and has an exactly intermediate atomic weight,” 

Two years later Dumas wrote 4 as follows: "When one 
arranges in the same series the equivalents (atomic weights) of 
the radicals of the same family whether in mineral or organic 

1 Phil. Mao, 5 (Iv) 313 (18531. 

* BiUlman'* Am, Jour. Sci, 17 (ji) 387 (1854). 

• » Phil. Mao. 18 (U) 423, ami 480 (1857), 

4 Ann. chim. phya, 80 (iii) 200 (1850). 
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chemistry, the first, term determines tin* chemical character of 
all the hollies which belong to the series. The type of fluorine 
reapiK»ars in chlorine, bromine, and iodine; that of oxygen in 
snlfur, selenium and tellurium; that of nitrogen in phosphorus, 
arsenic anil antimony; that of titanium in tin; that of molyb- 
denum in tungsten, etc.” 

These early attempts to classify the elements are interesting, 
hut no attempt was made to include all t he then known elements 
because of the lack of a consistent, system of atomic weights. 
This essential was supplied in IHfiH by the splendid work of 
Cannizzaro who whs the first to utilize Avogudro’s Hypothesis 
as the basis for atomic weight determinations. As a result of 
these revised atomic weights, order began to displace chaos 
and in 1802-03 appeared the first, veal attempt to include all 
the elements in u single classification. This u'ork w'us done by 
A. IS. B. do ( ’liancourtois 1 who is generally given credit for 
first suggesting the relationships which may fairly Is- considered 
the forerunner of the |>eriodie system. He arranged the 
elements spirally in the order of increasing iitomie. weights and 
divided the cylindrical helix into 10 vertical sections. Moments 
falling in the same vertical section hud similar physical and 
chemical projierties. This arrangement, been me, knowui as t in 1 
Telluric 8crew and is recognized as embodying the fundamental 
idea of the periodic system, although tin* conception is hazy, 
the expression obscure, and the accompanying sjHicnlutinns 
misleading. 

The next step was taken when John A. It. Nowlands published 
a series of articles 2 in which attention was directed to t he fact 
that when the elements are arranged in tin* order of atomic 
weight, the eighth element, resembles the first. On account of 
the resemblance to the musical scale this generalization was 
known as the Law of Octaves. An examination of Nnwlands' 
table show's some inconsistencies, due ut least i n part to his failure 
to leave spaces for undiscovered elements. There is much to 
admire in Newlands’ contribution, in spite of his inability to 
provide satisfactorily for the elements of higher atomic weight, 

> Compt. rend, 64 757. S40. 1)07 (1802) ; 66 000 (twig) ; 66 2ltt. 4711 (IHOai •, 
68 24 (1800). Soo nlw) P. ,J, Hurtlin'* nrtii'Li <m '* A FVtjfiilituIiiwIim tit tin* 
Periodic Law," Nature, 41 ISO (IMHO). 

* Chim. Nete»,7 7d (1803) ; 10 J I, W, 04 (1804) ; 1* 83, 04 (tHOO) ; 1 $ 1 13. 
130 (I860), 
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Thus, it is seen that thi* him of a fundamental relationship 
between the elements had been growing gradually for a half 
century from the isolated Triads of DoebiTciner to the Octaves 
of Newlands and the Table of de ChnneowrtoLs. It is no wonder 
that, with these preliminary steps, two men should announce 
a periodic arrangement almost simultaneously and doubtless 
quite independently. 

Tabor I 


Newlamfo’ Lnvr nf Or/ncrs 


H 

F 

Cl 

Co, Ni 

Hr 

I'd 

1 

PI. Ir 

Li 

Nn 

K 

Cu 

HI. 

Ag 

Cs 

TI 

G1 

Mg 

Csi 

Zn 

Sr 

<‘d 

Ha. V 

HI, 

B 

AI 

Or 

Y 

(V, U 

r 

Ta 

Th 

a 

Si 

Ti 

In 

Zr 

Sn 

W 

Hg 

N 

I' 

Mn 

A-s 

l)i, Mu 

SI) 

Nh 

Hi 

0 

: s 

Fc 

He 

Ibi, Itn 

'IV 

An 

Os 


Lothar Meyer published Dir Miutrrm 7'lnariru i/rr ('hemic 
in 1864, in which appoaretl a table containing most of the then 
known elements and leaving spaces for undiscovered elements. 
Those elements which appear in tin- same column have similar 
properties, but the system wns not complete, anil was little mom 
than that of Newlands. 

In 1869-7 1 Mendoldeff published 1 an arrangement of the 
elements in the order of increasing atomic weight in which it. 
was shown clearly that there is a |>eriodie recurrence of proper- 
ties. In 1870 Moyer published a jiaj>er 5 giving a table almost 
identical with MendoleelT's and stating that " the pro|X'rties 
of the elements arc, for the most part, jjoriodie functions <>f 
their atomic weights," Later he modified his table slightly 
and suggested a spiral arrangement, which has the advantage 
of showing both the continuous nature of the scheme, and tho 
periodic recurrence of certain propert ies, 

While both Meyer and Meridel6eff deserve great credit for 
the part each played in the clearing up of the periodic relation- 
ship, it is quite clear that neither one deserves all the credit for 
this useful generalization. The verdict of the chemical world 

‘J. Rues. ahem. Soc. 1 60 ( 1809 ) ; 2 14 ( 1870 ) ; 4 25 , UH ( 1871 ), 

* Annalen HuppL. 7 854 ( 1870 ), 
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Annalen Sup-pl. 8 151 (1872). 
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Table III 

Comparison of Eka-silicon with Germanium 



1£ka.-h)l)cJon (l*UED)CTRD, 1871) 

Gekmanujh (Discovered, 1886) 

Atomic, weight 

72 

72.3 

Specific gravity 

5.5 

5.47 

Atomic volume 

13. 

13.2 

Color 

Dirty gray 

Grayish-white 

Calcination pro- 

EsG 2 , white powder 

Gc 0 2 , white powder 

line on 



Effect of Hid 

Will decoin pose steam with 

Does not decompose water 

Effect of acids 

difficulty 
Slight effect 

Not attacked by HC1 but 

Effect of alkalies 

No pronounced action 

soluble in aqua regia, 
oxidized by HNO3 
Solution of KOH has no 

Production of the 

1 

J 

EhOj and EsK s Fg reduced 

effect ; oxidized by fused 
KOH 

Gc0 2 reduced by C and 

element 

hy sodium 

GcK 2 F 6 by Na 

Properties of the 

Refractory; specific grav- 

Refractory ; specific grav- 

oxide 

ity 4.7 ; less basic than 

ity 4.703 ; feebly basic 

Properties of the 

TiOs or SnOj; more 
basin than Si0 2 
Es01< will bo a liquid with 

GeCli boils at 86° and has 

chloride 

1 wiling point under 100° 

specific gravity 1.887 at 


and specific gravity 1.9 

18° 

Properties of tho 

at 0° 

EbF, will not be gaseous 

GeF< is a solid 

fluoride 



Organo-motallic 

Eh(C,H s ) 4 boils at 160° 

Ge(CjH t ) 4 boils at 160° 

compound 

and has specific gravity 

and has specific gravity 


0.90 

a little less than 1 


gives greatest credit to Mendel^eff in spite of the fact that 
Moyer has some very ardent supporters. Oswald in his Klassi- 
ker der exakten Wi88enschaften l No. 68, sets forth strong claims 
for the priority of Meyer's Vork, but one of the main reasons 
why Mendeldcff is given greater credit is because he ventured 
to predict the properties of certain unknown elements. He 
foretold the properties of the elements eka-boron (scandium), 
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eka-silicon (germanium), and eka-aluminium (gallium). That 
.lae had a wonderfully clear conception of the meaning of his 
periodic table is shown by a comparison of the properties 
predicted for eka^silicon in 1871 with the properties of the 
element germanium discovered in 1886. (See Table III.) The 
predictions of the properties of eka-aluminium and eka-boron 
are equally striking, This remarkable achievement centered 
attention upon the Mendekeff table and by some is considered 
an absolute proof of the truth of the theory. C- Winkler said : 
“ It would be impossible to imagine a more striking proof of 
tlie doctrine of periodicity of the elements than that afforded by 
thus embodiment of the hitherto hypothetical eka-silicon.” 

On the other hand, G. Wyruboff as late as 1896 considered 
tlie periodic system as " a very interesting and highly ingenious 
table of the analogies and dissimilarities of the , » . elements ” 
and proposed to reject the whole generalization because of its 
defects, reasoning that " since the laws of nature admit of no 
exception, the periodic law must be considered as a law of nature 
definitely established which must be accepted or rejected as a 
whole.” In spite of the bitter attacks made upon the system 
by those who claim that it has done more harm than good, the 
fact remains that it is a convenient basis for the classification 
of an endless array of facts. In addition it has been a vast 
benefit to the science of chemistry by reason of its- stimulation 
fco research. 

Usefulness. — Mendeldeff pointed out four definite methods 
z>f using the periodic law : 

1. As a means of classification it serves to systematize the details of 
shemistry and permits the student to group together a large number of 
'acts, which would otherwise be in a disconnected and chaotic state. Not 
>nly are the chemical properties of the elements periodic functions of the 
itomic weight but there is also a periodic relationship in valence, specific 
gravity, atomic volume, melting point, boiling point, hardness, malleability, 
lixetility, compressibility, coefficient of expansion, thermal conductivity, 
atent heat of fusion, heat of chemical combination, refractive index, color, 
listribution in nature, electrical conductivity, and magnetic susceptibility. 
?fa.e analogous compounds of the elements frequently show periodicity in 
uch properties as molecular volumes,^ melting points, boiling points, 
fca/bility, and color. The specific heats of the elements furnish an exception 
:> -fche rule since they are not periodic. 

2 . It offers a method of determining atomic weights of dements whose 
quivalents or combining weights are known. In this way beryllium, 
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indium, uranium, tmd rcrtaiu of the rare earth* were !• »f*» »*•*! in tin* i«ei> 
tinns which they now occupy. 

;t. The predict inn nf the properties of undiscovered ci<-ji i>-nt ■; wn-i 
IHWmlih' fntttl ll study nf the properties nf the adjacent known eleicn lit.i. 
hi mhlitiiiii tii preihctimt the discovery of scandium, ynllium, :m»l ucr- 
muiliuin, MetidehVfT predicted the discovery nf *-k<i»c,-ic>inm, dwi.raesiinn, 
ckn mini limn, olm.tantiiliiw, ilwi-tellnriiuu, i-l.ii>Mi:«URancsc» iitnl dwi» 
rmitiRUlit'se. The prediction nf tin- Zero < Iroiip tv;e ohviondv uiijne ihle 
heftin' the disen very nf any tm-inlicr »f this family. Hut after the di*- 
cii very nml jihe-tliR nf helium and arymi, tie- existence of other inert yien-s 
was tu lie experteil, and imilmilrtedlv the <le.e»iverv *>f iteoti, krypton, mid 
xetnui was materially ha-li-m-d hy the f:e-t that tic- pereidie system in- 
difltteil that ftfirh Rases deedd »-\i- t. 

•I. The i-orreetiou *»f fault v atomic weight* is suygest.-d whenever an 
element fulls nut nf pluee >>r produces a '• im tit " in the ~v«tc<u. Thu i, in 
1H70, the lust iri.ad in tlruup VIM l>munht jalatiimui under iroti mid ruthe- 
nium and placed osmium under nickel mid palladium. Thee relate .[chips 
tire uJivioudv strained, and correct e.n of lie- atomic u>uu!ti>< of plaiiuuiu, 
iridium, uud osmium ha*, removed llm disi r> |s-UK -. Tie* atmnie weights 
were ; 

I’ in i ini \< Ininii M (>s\m w 

hi IK70 I*. u I." l'tti.7 hts.ti 

In Hrje l'.t.'i.'J ltt:i.l HHt.'.t 

Defects. •— The l;»l»k*rt nf MotidcMefT ami Meyer cfiiit»iin*«l 
W’Vornl wniik Hiititf of wliieii Imvmtot yet liet*it *;iii*fueti*- 

rily HtmigtluHtfcl. Tluw ck-feel* may 1** luicdly rnnmertilial 

an folk iwm I 

1, 'lhe | mail inn of hyilrnRi-o is a pu/di- It is univalent nml eh,.) ro- 
[msitiva-, so it is generally plaeeil in f'rmip ! with the ulkah net id* Hut 
it in certainly tint a im-tal, suns* even in the solid form it i« typically non. 
metallic; it in cnsilv dtsphieed from or«.ame coiu|iufiu<l» liy the halogens 
uud forms nietnllie hydride* which are in cm way similar to the metallic 
alley* hilt lieur n nTtuin resi-inhlanee to t|a* hah igcti suits. 1 t4o then* ts 
reason fur placing i* in firnnji VII near the an/s-ou* inm-iitetuls Hut n 
study of the ehetuieid IsdeiViur of hydrogen shim* Unit, like the nictul*, 
it. forms its must stahle eomiHiimds with tie* notHnetidlic eh-meiits. fun- 
setHienlly the relnliunship nf liydroicen to tin* other elements is still very 
much of nil etiittma. 

2 , The rare earth group furoishea another difficulty, sinm here we have 
m cutisidertilile tnitnlsT of Wemeiit* differing from one mutt h<<r in atomic 
weight hut ptNWwmig very similar |iru)**rtnai. Keveral tm-llesls uf dis» 
jswiitiK uf the rare Mirth* have Issui pmpoMid, hut they uni nut wholly 
satisfnetury. (His* chapter uu U*re Kart It*,) 

3, If the orrler uf urrnngeinenf* follows the ntomie Weight* rigidly, 
certain element* full nut, of plane. Thu* the [swi times uf nrgon nmi |s.L«s- 

1 D. Hnril well. Jmtr, Am. Chcm, Hat. 44 .ttUW (1112’J). 



^modern arrangements or periodic table 11 


sittm., of cobalt and nickel, and of tellurium and iodine would be reversed, 
vvh-ile their properties require the positions usually given them. This 
difficulty has disappeared since the introduction of atomic numbers as the 
basis of classification in place of the atomic weights used by Mendeleeff. 

4. The symmetry of the system is destroyed by Group VIII, which con- 
-fcai^s triads in alternate series. These triads show a disturbing variation 
in valence. They show a certain transition of properties between the last 
meirtLers of the odd series and the first members of the following even 
series. Yet their presence is more puzzling than helpful. 

5. The most serious defect in the system, especially in its usefulness in 
tti& laboratory, is that similar elements are sometimes in remote positions, 
•w'hil© dissimilar elements are brought close together. These difficulties 
are most pronounced in qualitative analysis, in which the solubilities of 
salts are of prime importance. As illustrations of this defect it may be 
observed that copper and mercury, silver and thallium, barium and lead, 
have many similar properties which are not suggested by their positions 
in th.e table. On the other hand we might expect gold and caesium, 
rubidium and silver, and manganese and chlorine to resemble each other 
much more closely than they do. It is obvious, however, that no table 
could possibly show all the resemblances and contrasts of each element, and 
a, detailed study of each of these elements justifies in a measure its usual 
position in the table. 

HVLodern Arrangements of the Periodic Table. — The recog- 
nized advantages and weaknesses in Mendeldeff's table have 
produced a vast amount of discussion. The system has been 
bitterly attacked and earnestly defended, -with apologies for 
its imperfections and suggestions for its improvement. As 
a, result of this discussion progress has been made, but the prob- 
lem is a complex one and much remains yet to be accomplished. 
I* is evident that we cannot understand clearly the relationship 
tvTiicli exists between the elements until we have a pretty clear 
conception of what an element is and know something of the 
structure of atoms. Recently great advances have been made 
ri th.ese directions, and any modern arrangement of the periodic 
;at»le must be in strict harmony with our best information con* 
lerning atomic structure, must conform with the revelations of 
C-ray analysis, and must agree with the conclusions of studies 
n radioactivity. Accordingly in the recently suggested plans 
Ire elements are arranged in the order of atomic numbers, which 
'emoves the misfits found at the positions of argon and potas* 
:ium, cobalt and nickel, and tellurium and iodine Most of 
Tie modem arrangements also provide for the suitable placing 
>f thte isotopes, especially of the radioactive elements, The 
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greatest difficulties still remaining in preparing a thoroughly 
satisfactmy table are t,wt> in number: first, in showing the 
relationship of hydrogen to the other elements of t he table ; and, 
second, in making adequate provision fur the ran- earth group, 

Modern arrangements of the table may be considered in two 
classes, those using a flat surface and those using three dimen- 
sions, Only the more important suggestions in each class can 
be considered here. 

In order to provide, space? for the rare earth group, Werner 
has proposed 1 an arrangement shown in Table IV, This 
plan makes provision for all the. elements, but it is cumber- 
some and lacks the simplicity and regularity of the Mendelerff 
table, since as the? sequence moves to the right across the page 
a uniform change of properties does not follow', The arrange- 
ment of Doming, Table, V, brings mit nicely f lu* peculiar relation- 
ship which hydrogen boars to the rest of the elements nod 
provides space for all tin? elements, the run? earth group taking 
a place in which we should exited, to find only one or two single 
elements. This plan brings out some interesting relationships, 
but is complicated and does nut show the isotopes of the radio- 
active elements. The table suggested by I )ushinan, a Table VI, 
has the advantage of simplicity and completeness. It shows 
the body of the ram earth group as an enlargement of the 
position which we would oxjmtI to ho occupied by a single 
clement in Group III and provides space for Use isoto[>es of 
the radioactive elements. 

Of the helical arrangements those by Noddy and Harkins 
are notable. In the former’ the elements are arranged i/i the 
order of increasing atomic ntimhers around two helical cores, 
one of which has a shnri>eaed end to signify the abrupt, changes 
which take place when we pass through the Zero Group, while 
the other has a flattened end upon which is arranged t he triads 
of Group VIII. The rare earth group is arranged in order 
along the surface of the helix i/i the position occupied by Group 
III, A flat surface drawing of Noddy's arrangement is shown 
in Fig. 1, but a small model in three dimensions brings out the 
relationships much more clearly. Harkins 4 uses two cylinders, 

1 Wnrnor, Bar. 88 tIM (ItMMi). 

» Saul Dushmun. (Jen. Bled. Ret. 18 614 (It Hfl). »ud 30 1SH (1917), Him In- 
ode front cover. 

• Boddy, Chemintry of Radimn-tier BlauiruU, 

* Harkins and Hall, Jour. Am, Chcm, Hoc, 88 100 (1010), 
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one within the other, and the sequence of elements changes from 
the larger cylinder to the smaller as we pass from a long series 
to a short one. In this way the elements in the B division of a 
group fall behind the ones in the A division. The rare earth 
elements and the isotopes of the radioactive elements are 
arranged vertically along the surface of the helix parallel with 
its axis. A flat surface representation of this arrangement is 
shown in Fig. 2, but a model is needed to show the completeness 
of the system. 

How Many Elements Are There ? — In ancient times all forms 
of matter were supposed to be derived from the four “ elements,” 
— earth, air, fire, and water. Since this theory was overthrown 
there has never been a time when man could agree on the prob- 
able number of elements. At no time has the answer to this 
question been more nearly within reach than at the present. 
A study of the atomic numbers of the elements has led to the 
conclusion that from helium to uranium inclusive there are 91 
elements, making with hydrogen a total of 92 possible elements 
within the limits of our present knowledge. Nearly all of the 
recent periodic arrangements also indicate the existence of 92 
elements within these limits. It is a startling fact that in 
MendekiefFs table, he placed the 63 elements known in 1871 
and left enough blanks to make almost exactly a total of 92 
elements. At first thought this appears to be a wonderfully 
accurate prediction, but upon close inspection it is found to be 
merely a strange coincidence. Only three of Mendel6eff’s 
blanks have actually been filled. Some others may be filled by 
elements yet undiscovered, but most of his blank spaces never 
will be filled. He knew nothing of the Zero Group and the rare 
earth group was quite incomplete. So it is more probable that 
the number of elements for which his table provided was deter- 
mined more by convenience than by any deep-seated conviction. 

If the region between helium and uranium contains 91 
elements then five are as yet undiscovered. These have been 
predicted and named: (1) eka-manganese with an atomic 
number 43 and an atomic weight approximately 100; (2) dwi- 
manganese, atomic number 75 falling between tungsten and 
osmium ; (3) eka-iodine, atomic number 85 ; (4) eka-neodym- 
ium, a rare earth element of atomic number 61 ; and (5) eka- 
caesium of atomic number 87. Of these, greatest interest has 
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attached to the last named on account of the unsuccessful effort 
to locate the element. (See Caesium.) Some interest is also 
being shown in eka-manganese on account of the fact that its 
discovery was announced 1 by Ogawa, a Japanese chemist, who 
claimed that the element which he called nipponium, named 
from Nippon, a name for Japan, confirmed all the prophecies 
of MendeMeff regarding this element. He has been accused of 
“ faking ” the whole report, since separate investigations by Sir 
William Ramsey and R. B, Moore have failed to verify his results. 

In addition to the 92 elements already provided for, there are 
three regions of doubt: (1) before hydrogen, (2) following ura- 
nium and (3) between hydrogen and helium. Studies in 
radioactivity have suggested the possibility of atoms heavier 
than uranium, but the existence of such elements has never been 
demonstrated, and if they have ever existed on the earth they 
are doubtless unstable under conditions now extant. Hence, 
these are usually referred to as " extinct " elements (Bayley). 

Spectrum analysis has given evidence of the existence of 
several unrecognized elements, some heavier than hydrogen and 
some lighter. The existence of a gas asterium, 2 unknown upon 
earth, is suspected in the hottest stars. Nicholson likewise 
suggests the existence of a series of simple elements, including 
arconium with an atomic weight 2.9 as calculated from the 
width of the spectral lines and by the differences between the 
calculated and observed wave lengths. Protofluorine with an 
atomic weight 2. 1 is probably identical with coronium 3 first 
observed in the corona of the sun and later reported from the 
volcanic gases of Mt. Vesuvius. Nebulium 4 with a calculated 
atomic weight of 1.31 was reported present in the spectrum of 
certain nebulae, and is probably identical with aurorium re- 
ported in 1874 by Huggins 5 from a study of the spectrum of the 
aurora borealis. Protohydrogen has also been reported with an 
atomic weight of 0.082. Etherion was reported 6 by Brush at 
the Boston meeting of the American Association for the Ad- 
vancement of Science in 1898, It was described as a gas which 
may be expelled from powdered glass and other substances 
under high temperatures and pressures less than n n ^ 'i rff n' of an 

* Jour. Chem. Soc. (Lond.) 94 952. 3 Chem. News , 78 43 (1898). 

3 See Chem. News , 79 145 (1899). 4 Chem. News, 59 161. 

5 See Proceedings Roy. Soc. 1899. 

• Trans. Am. Assoc. Sci. Boa toll meeting; also, Chem. News, 78 197. 
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atmosphere. Its atomic weight was calculated as about 
that of hydrogen, and it was described as possessing enormous 
heat-conducting power, but lacking in chemical affinity. From 
the manner of obtaining this gas and its general behavior 
Crookes suggests that the peculiar properties noted are due to 
the presence of water vapor, which would quite certainly be 
present under the conditions described and behave as the new 
11 gas ” did. 

Efforts to prove the existence of such elements as these have 
made little progress because of the well-known variations in 
spectral lines produced by different conditions. Keeler 1 
points out that entirely different spectra may be produced from 
an element by varying conditions. Thus, if the spectrum of an 
element is produced from various mixtures, new lines may be 
produced and others may disappear because of overlapping. 
Pressure influences the spectrum, usually producing a broaden- 
ing of the lines. 2 Temperature produces so marked an effect 3 
that it has been said that " a rise of 5° in temperature is sufficient 
to transfer Di to the, position of D 2 .” Variations in the mag- 
netic conditions produce enormous changes in the spectrum 
of an element. 4 5 On account of these facts chemists have been 
conservative in accepting the discovery of an element when our 
knowledge of its existence is based on spectroscopic evidence alone. 

Discoveries of a very large number of new elements have been 
claimed in recent times. Charles Baskerville, in the presiden- 
tial address delivered before the chemists of the American 
Association for the Advancement of Science, St. Louis, 1903, 
gives a list 6 of more than 180 such announcements since 1777. 
Of these only about 36 may be considered as actual discoveries 
of new elements, while over 130 have failed of confirmation or 
have been definitely rejected because the observations were made 
upon impure materials or upon elements already known. Of 
the remainder some may still be considered as having an unde- 
termined status and others are what we now call isotopes, 


1 Sci. Am, Suppl. 88 977 (1894). 

2 Schuster, Brit. Assoc. Report, 275 (1880). 

8 See Lieb. Ann. 238 57 ; Chem. News, 56 51. 

4 Foote and Mohler, Origin of Spectra, American Chemical Society Mono- 
graph, chapter v, especially figures 23, 24. 

5 •* The Elements, Verified and Unverified,'* Chem. News, 89 109 et seq. (1904). 

See also Harkins, Jour. Am. Chem. Soc, 42 1985 (1920). 



CHAPTER II 
THE ZERO GROUP 

In many respects Group Zero is unique among the families of 
the periodic table. It is the only group whose elements are all 
gaseous at ordinary temperatures ; all of these elements appear 
to be totally inactive chemically', this group and the Eighth are 
the only ones in which there are not represented rather definite 
odd and even sub-groups. This group is transitional between 
the extremely electro-negative halogens and the strongly electro- 
positive alkali metals. These elements are known as the “ inert 
gases” on account of their chemical indifference; "noble 
gases ” on account of their analogy to platinum and gold ‘ or 
" rare gases ” because, with the exception of argon, they are 
found in the atmosphere in extremely minute amounts. None 
of these gases so far as we know have color, odor, or taste, and 
their other physical properties furnish striking resemblances 
with a gradation similar to that found in other families. (See 
Table VII,) It is to be noted that the ratio between the specific 
heats at constant pressure and constant volume is quite uni- 
form and the value 1.6 is generally interpreted as indicating 
that these gases are monatomic. The reasoning is, however, 
not conclusive and Mellor objects to the unquahfied acceptance 
of this view. 1 

Helium 2 

Historical. — On August 18, 1868, a solar eclipse occurred, during which 
the sun’s photosphere was for the first time studied with the aid of a speo* 
troscope, P, J. C, Janssen 8 called attention to the fact that a certain 
line in the yellow supposed to be caused by sodium did not coincide with 
either D) or D, and proposed to call it D s , Frankland and Lockyer 4 
concluded that this line was due to an element unknown, upon the earth, 
and suggested the name helium, the sun element. Later the same yellow 
line was detected in the spectrum of certain stars and it was reported in 

1 Mellor, Modem Inorganic Chemistry, pp. 564 and 836. 

•See "Helium, Its History, Properties, and Commercial Development,*' 
by R. B. Moore, Jour. Frank. Inst. 191 145 (1921); for a bibliography of 
Helium, see Circular 81, Bureau of Standards (1919). 

8 Compt. rend. 67 838 (1868) . 

4 Proc. Roy. Soc. 17 91 (1868). 
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Physical Properties of the Xoble Gases 
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Xe 
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1— * 
o 

1.600 
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1881 by Palmieri > in the spectrum of the gases from Mt. Vesuvius, although 
some question has been raised about the possibility of the latter observa> 
tion. 2 

In 1889, Hillebrand published Bulletin, U. S. Geological Survey, No. 78, 
in which he described some experiments upon a gas which had been expelled 
from the mineral cleveite. This gas he supposed to be nitrogen, since it 
yielded nitrogen compounds. He noticed, however, that its behavior 
differed somewhat from nitrogen, but he failed to detect the presence of 
the new element helium. 

In 1894, Sir William Ramsay was studying the gas obtained by heating 
powdered cleveite and found about 12 per cent of nitrogen, some hydrogen, 
and some argon ; there was also a brilliant yellow line of the same wave 
length as D 3 of the solar spectrum. Kayser announced 3 the detection of 
helium in the atmosphere in 1895. The confirmation of the discovery of 
terrestrial helium was quickly made, but at first there was some doubt 
concerning its homogeneity and position in the periodic table. The color 
of the glow from a Pliicker tube containing pure helium is yellow under a 
pressure of 7 millimeters and green at a pressure of 1-2 millimeters. This 
led to the belief 4 that helium was a mixture of two elements, but efforts 
to separate them went to prove 6 that the gas is homogeneous. So helium 
took its place in the periodic table as an element without chemical affinity. 

In 1903, Ramsay and Soddy 0 announced the discovery of the fact that 
helium was a product of the atomic disintegration of radium, one gram of 
which produces about 0.45 cubic millimeter of helium per day. Later 
it was found that other radioactive substances also yield helium and that 
the charged helium atom is the alpha particle. 

Occurrence. 7 — Helium is widely distributed in nature, 
though usually in small amounts. It makes up a considerable 
portion of the sun’s atmosphere and is probably the principal 
constituent of the hottest stars. It is present in the earth’s 
atmosphere in a proportion estimated as about 1 part in 185,000 
by volume. 8 It has been detected in the gases evolved from 
certain mineral springs, King’s Well at Bath, England, is 
estimated to yield 1000 liters of helium annually. It has been 
detected in at least one meteorite, which fell in Augusta County, 
Virginia. It has also been obtained from a large number 

1 Rendiconti R. Accad. di Napoli , 20 233 (1881). 

2 Nasini and Anderlini, Atti R. Accad. Lincei, 13 (v) i. 368 (1904). 

* Kayser, Chem. News, 72 89 (1895). 

4 Runge and Paschen, Phil. Mag. 40 (v) 297 (1895) ; Brauner, Chem. News, 
74 223 (1896) ; also Nature, 52 520 (1895). 

‘ Proc. Ray. Soc. 60 206, 449 (1897); 62 316 (1898); also Nature, 66 380 
(1897). 

• Proc. Roy. Soc. 72 204 ; 73 346 (1903). 

7 See '* Helium Bearing Natural Gas,” by G. S. Rogers, U. S. Geol. Survey, 
Professional Paper > No. 121 (1921). 

•Watson, Trans. Chem. Soc. 97 810 (1910), 
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Ipf * minerals, principally those containing radioactive and rare 
SpSarth elements such as pitchblende, thorianite, monazite, 
^rgusonite, samarskite, and euxenite ; also, in camallite, ru- 
^e, beryl, columbite, and native bismuth. 

The most important source of helium from a commercial 
|K>xnt of view resulted from the investigation of Cady and 
IMtolFarland, 1 who found that the natural gas of Kansas nearly 
•Iways contained helium, in some samples the amount present 
feeing from 1.5 to 1.84 per cent. It is from such sources that 
•Olximercial helium is being developed. 

’ Speculations 2 concerning the quantity of helium in the upper 
layers of the earth’s atmosphere have led to the conclusion that 
fc& SO miles above the surface there is twice as much helium as 
JKygen ; at 100 miles the atmosphere is mainly helium and 
lydrogen, and at 500 miles these two gases are the only ones to 
D# found, On the basis of this theory, it is estimated that the 
ifffcaJ. mass of helium surrounding the earth would equal 11,000,- 
<X> , OOO tons. On the other hand, mathematical calculations 3 
indicated that a gas as bght as helium would not remain 
•rmanently a part of the earth’s atmosphere, but would be 
lowly radiated into space. If this conclusion is correct then 
eliuxm must be present in interstellar space, and the constant 
plount in our own atmosphere must be the result of a balance 
•tween the loss of hebum into space and the emission from 
•fro s trial sources. 


Separation. — Up to quite recently the cheapest method of 
|jta,iriing helium was by heating a mineral, especially cleveite 
^monazite, either alone or with dilute sulfuric acid, or with 
)|assium acid sulfate. When heated alone the finely ground 
feeral is placed in an iron or porcelain tube which is connected 
lh a, system for absorbing moisture and carbon dioxide. The 
||erri isevacuated and the tube heated to 1000°-1200° C. When 
■ted with dilute acid the mineral is placed in a strong flask 
»d tightly with a condenser and funnel tube. Through the 
jar*, 1 ; 8 sulfuric acid is added and the former is connected 
§1 sl pump by which the evolved gas is removed. Usually 
jitter yield of hebum is obtained by heating the mineral with 

four, Am. Chem. Soc. 29 1523 (1907). 

1. H. Jeans, Dynamic Theory of Oases, chapter XV. 

fitoney. Chem. News, 71 67 (1895) ; see also Chapman and Milne, Jour, 
esteorobg, Soc, 46 357 (1920). 
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sulfuric acid. Approximately a liter of gas may be obtained 
from 200 grams of cleveite at an estimated cost of about $5. 
After long and patient effort, Onnes obtained about 2 cubic 
meters of helium by heating monazite sand. The cost has' 
been estimated at approximately $1600 per cubic foot. 

When the method of liquefying air was developed sufficiently 
to permit the use of liquid air in considerable quantities, helium 
mixed with neon was obtained from the first fractions in the 
commercial distillation of liquid air. Obviously no very large 
amount of helium can be obtained in this manner unless the pro- 
duction of liquid air becomes a considerable industry. This is by 
no means an impossible source of helium, since it is now seriously 
proposed to use liquid air in the operation of the blast furnace, 

During the recent war a sudden and insistent demand for 
helium arose because of the desire to equip observation balloons 
with a light non-inflammable gas. This suggestion was what 
would normally be called a purely “ academic ” dream, since 
the largest amount of helium ever collected was probably that 
obtained by Onnes. The cost would be prohibitive. But the 
U. S. Bureau of Mines recalled the presence of helium in the 
so-called “ wind gas ” of Kansas as reported by Cady and 
McFarland. The need was urgent, and without time for suitable 
preliminary experiments the government erected plants for the 
recovery of helium from the natural gas of Texas and vicinity. 
The effort was successful, and at the signing of the armistice 
150,000 cubic feet of helium, enough for three or four ob- 
servation balloons, were ready to be shipped abroad. 

The work continued for a time, since the importance of 
helium in aeronautics is fully recognized. Dr, Manning, for- 
merly director of the Bureau of Mines, estimates 1 that it is 
possible to obtain 6,000,000 cubic feet of helium per week 
from American natural gas, provided the process of separation 
is perfected to the degree that gas containing 0,35 per cent 
helium can be utilized. It is also pointed out that the supply 
of helium is evidently decreasing rapidly and in 20 years the 
present available supply of helium may bo exhausted. It has 
been suggested 2 that the lxtst helium-producing gas fields 
should be sealed to conserve the supply. 

1 Jour. Ind. and Eng. Chem. 13 821 (1020). 

* Dr. Joseph S. Ames, chairman of the National Advisory Committee *8* 
Aeronautics. 
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Three methods 1 of removing helium from natural gas have been used, 
all dependent on freezing out all the other gases. A plant using the Linde 
process was built at a cost of $300,000 and began operations March 6, 1918. 
By September of the same year it was producing 5000 cubic feet of 70 per 
cent helium per day. For carrying out the Claude process a plant costing 
about $150,000 began operations some weeks later than the Linde plant 
and gradually improved both the yield and purity of helium. The largest 
plantwas built at Petrolia, Texas, at a cost of $150,000, and with an original 
capacity of 30,000 cubic feet of helium per day. Here the Jeffries-Norton 
process 2 is used under the direction of the Bureau of Mines. In December, 
1922, the Fort Worth plant was producing 15,000 cubic feet per day, with 
a prospect of doubling that output shortly. The question of storage for 
such a quantity of gas becomes a serious problem. The cost is said to be 
less than 10 cents per cubic foot, with the prospect of a decrease to 5 or 
even 2 cents per cubic foot. Recent tests at the cryogenic laboratory in 
Washington indicate that it is possible to produce reasonably pure helium 
from natural gas by a single operation, thus materially reducing the cost. 

Canadian supplies 3 were tested by experimental plants at Hamilton, 
Ontario, and Calgary, Alberta. The Ontario natural gas contains 0.34 
per cent helium, while the Alberta supply contains about 0.33 per cent. A 
plant with a capacity of 56,000 cubic feet of natural gas per hour has 
been designed. A modification of the Claude oxygen-producing column 
is used. The helium produced has a purity of 85-90 per cent or better. 
The cost in the Alberta field is estimated at £10 per 1000 cubic feet, 
exclusive of containers. 

Purification. — Helium is separated from the other inert 
gases by taking advantage of the fact that its boiling point is 
the lowest of all the gases of this family. Nitrogen and hydro- 
gen may be removed with hot lime and magnesium or calcium ; 
argon (and nitrogen) may be liquefied by liquid air ; and neon 
and all other gases may be condensed with liquid hydrogen. 

Purification may be made in other ways. (1) If helium which 
contains not more than 20 per cent of air, oxygen, or nitrogen 
is passed over cocoanut charcoal at the temperature of liquid 
air, practically all the other gases are absorbed and helium 
remains. 4 (2) Helium may also be purified 6 by taking advan- 
tage of the fact that it is absorbed by finely divided platinum, 

while nitrogen and neon are not. (3) Fused quartz at a tem- 

. • ** 

* See address of. Dr. F.y®. Cottrell as Perkin medalist, Jour. Ind. and Eng. 
Chem. 11 148 (1919) ; also R. B. Moore, Jour. Frank. Inst. 191 145 (1921). 

2 For the principles involved in the three processes for liquefaction of gases 
see Washburn', Principles of Physical Chemistry, 2d edition, pp. 309-313. 

» Jour. Chem. Soc. 39 252 R (1920). Inst. 191 145 (1921). 

4 Dewar. Proc. Roy. Soc. 74 122, 127 (1904) ; Claude, Compt. rend. 158 861 
(1914) ; Jour. Chem. Soc. 39 252 R (1920). 

6 Compt. rend. 121 394 ; Proc. Ray. Soc. 60 449 (1897). 
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peratureof 1100° is permeable to helium and hydrogen but not 
to other gases. This method is slow but gives a very pure 
product. 

Properties. — The constants for the principal physical prop- 
erties of helium are given in the table on page 21. The prop- 
erties which make helium most interesting are its lightness, 
its close approach to a perfect gas, its close relationship to the 
radioactivity and the composition of atoms, and its absolute 
chemical inactivity, 

The density of gaseous helium has been determined by many 
investigators, the two best results being those of Watson 1 
and Heuse. 2 The weight of a liter under normal conditions 
is given as 0.1782 g. and 0.17856 g. respectively. Thus, 
helium should have about 93 per cent as much lifting power as 
hydrogen. Experiment has shown 3 that 1000 cubic feet of helium 
will lift 69.58 pounds, while the same amount of hydrogen will 
lift 75. 14 pounds. 

As would be expected with so light a gas, helium diffuses 
rapidly, but not so rapidly as would be expected from Graham's 
Law of Diffusion. Hydrogen and helium are the only gases 
which diffuse more slowly than would be expected from the 
kinetic theory. The penetrability of these two gases through 
balloon fabrics ffias been determined 4 as between 5 and 10 
liters of gas per hour per square meter of fabric. Helium dif- 
fuses 0.71 as fast as hydrogen. 5 Hydrogen and helium diffuse 
readily through heated quartz at high temperatures and through 
silica glass at temperatures above 300°. Jena glass is not per- 
meable to hydrogen but is to helium. 6 

The coefficient of compressibility is zero 7 between pressures 
of 147 mm. and 838 mm. of mercury at 0° ; that is, the product 
of pressure times volume is a constant within this range. Onnes* 
has determined the isothermals for pv over a wide range of 
temperature and pressure. 

The boiling point of helium is the lowest of all known sub- 

1 Trans. Chem. Soc. 97 810 (1910). 

1 Ber. deuisch. physikal. Oes. 15 518 (1913). 

* Min. and Sci. Press. 119 306 (1919). 

* Phil. Mag. 40 672. 

1 Jour. Ind. and Eng. Chem. 12 821 (1920). 

•Williams and Ferguson, Jour. Am. Chem. Soc. 44 2160 (1922), 

7 Burt, Trans. Faraday Soc. 6 19 (1910). 

8 Proc. K. Akad. Wetensch. Amsterdam 10 445, 741 (1907). 
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stances. It was the last of the so-called permanent gases to 
yield to the efforts to produce a liquid. The classical work 
of Kammerlingh Onnes 1 used 300 liters of helium gas, which 
was cooled first by liquid air, then by liquid hydrogen boiling 
under diminished pressure, and finally by passing through a 
special Hampson liquefier. Helium must be cooled to 15° A. 
before the Joule-Thomson effect will produce liquefaction. But 
at the temperature of solid hydrogen the expansion of helium 
from high pressure produces a sufficient lowering of the tem- 
perature to cause liquefaction. In this way Onnes produced 
60 cc. of liquid helium. 

Liquid helium is, next to hydrogen, the lightest liquid known. 
Its density 2 at 4°. 33 A. is 0.1208 and at 2°.4A. it is 0.1459. 
The temperature of maximum density is 2°.2 A-, the critical tem- 
perature is 5°. 25 A., and the critical pressure 2.26 atmospheres. 
Liquid helium is colorless, very mobile with very small surface 
tension.. When evaporated under diminished pressure a tem- 
perature as low as 2°. 5 A. was obtained, 3 but no solid helium 
resulted. Onnes failed to obtain solid helium at a temperature 
of 0.82° A. 

Positive ray analysis 4 indicates that helium is a simple 
element without isotopic modifications. On the other hand a 
study of the atomic structure has led to the conclusion 6 that 
helium contains two types of atoms, which are designated as 
helium and parhelium. A study 6 of the probable constitution 
of the atoms of oxygen, nitrogen, and carbon suggests the value 
3.0011 as the atomic weight of the isotope called isohelium 
(Rutherford’s X3). Helium atoms when subjected to certain 
voltages are ionized and remain in this metastable condition 
for about 0.0024 second. 7 

The dielectric cohesion 8 of helium at 17° is represented by 
18.3 as compared with argon = 38, air = 419, hydrogen = 205. 

1 Proc. K. Akad. Wetensch. Amsterdam, 11 168 (1908) ; also Compt. rend. 
147 421 (1908). 

2 Onnes, Comm. Phys. Lab. Leyden, No. 119. 

! Onnes, Proc. K. Akad. Wetensch. Amsterdam, 12 175 (1909). 

1 F. W. Aston, Phil. Mag. 39 611 (1920). 

1 J. Franck and F. JReiche, Z. Physik, 1 154 (1920). 

• M. C. Nouburger, Physik Z. 23 145 (1922). 

1 Kannenstine, Astrophysical J. 55 345 (1922). 

8 The dielectric cohesion may be explained as a constant which expresses tho 
relative electrostatic field of force which is needed to render the gas a conductor 
of electricity, 
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An unusually long spark gap is Iherofnre possible in helium, 
in which n spark of 2*iO-.'t(K) mm. has lieen obtained 1 under 
t,he wime conditions as produced a spark of 2b amt. in oxygen, 
Xi inm. in air, '.t!) nun. in hydrogen, and lo.n mm. in argon. 

Helium seems to have the ability to form solid sohitinns with 
finely divided phi tint inn with magnesium, and probably also 
with a considerable number of minerals, but there is noevideiiee 
of any ehemieal reaet ion involving helium. In a must thorough 
investigation, 8 Ramsay eireulated helium at nil heal over a 
long list of materials and was able to delect no change in either 
constituent. KfTorts to make helium enter into combination 
under the influence of the silent electric discharge have been 
unsuccessful. It is therefore evident that helium is unable to 
enter into chemical react ions of lire usual type. 

Uses, — The most s|>ectacnlar use of helium is for tilling 
balloons ill time of war, The cost is still considerable, hut the 
ml vantages are numerous. Its total nini-cumliustihiJity makes 
it jiossihle to build a dirigible liallnon more eompaelly lteennse 
fear nf Hparks from the motor is removed. It has lieen suggested 
that it would Ik 1 possible to mount n inn rhino gun on the tup 
of tin* gas bag. In order to decrease the cost , it has been pro- 
posed to put. helium into the compartments which are exposed 
and hydrogen into other compartments. Another plan is to 
mix hydrogen with helium, since it has lieen demonstrated that 
as much as 20 jst cent hydrogen is needed to produce an explo- 
sive mixture.* In a test flight early in Deeemlier, 1021, the 
U» 8. naval airship ( r ~7 demonstrate! the practicability of 
helium-filled dirigibles. In the flight frntn Hampton Roads to 
Washington and return it was unnecessary to lose any helium 
by valving, and the men in eluirge report that greater speed was 
developed and the ship maneuvered fitter tlmu when filled 
with hydrogen, The fuel, that helium is a jssiirr conductor 
of heat than hydrogen eliminated much of the difficulty arising 
from variations in the lifting power of different, portions of the 
gas lag, so the airship responded more definitely to its controls,* 
There are certain problems to lie overcome before helium 
can be called an ideal gas for use in balloons. Its scarcity 

* Collie end Remedy, Prat, Kay. Soc. M 287 (1898). 

* Ranuwy emi Crdliiv Prae. Hoy, Hoc,, M 83 ( 1890). 

* Jour, Cham, Sac, 99 282 It (1920). 

‘Bee note, Cham , and Hat, Sny, U till (1921). 
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makes the cost extremely high and prevents tin* valving of tin* 
gas when it is desired to descend or to deflate the gas bag. 
The relatively inexpensive hydrogen is allowed to escape into 
the air, but helium must be compressed into cylinders, repuri- 
fied, and used over again. Since the. lifting power of helium is 
less than hydrogen, a balloon which is to use the former gas musl 
have a gas bag approximately one-tenth larger than would la 1 
required in a hydrogen balloon. If an altitude of 10,000 feet is 
to he reached, as is necessary in crossing the Rocky Mnuulains, 
a helium gas bag can only lie filled to 70 |M*r eent of its eapneity 
to provide for tho expansion of the g.as at these altitudes, De- 
vices are Itoing planned for emu pressing the gas, but these mean 
increased weight., deereased fuel capacity, and a corresponding 
limitation in cruising range. 

The most important scientific use of helium is probably in 
connection with studies in radioactivity and extremely low 
temperature work. A study of helium will undoubtedly throw 
light on the nature of radiation, atomic structure, and other 
related problems. At the temperature of liquid helium, tin, 
lead, and mercury lose their electrical resistance; for oxamplo, 
a thread of mercury, which has a resistance of several hundred 
ohms at room teuq>ernturo, when cooled to A. has less than 
two ten-billionths of its zero resistance. Other inloresting and 
valuable results may l>c expected from the use uf liquid helium 
in the cryogenic laboratory at Washington. 

Ah an inert gas helium is useful for filling tungsten lumps 
which are to lx; used for signaling, because of the rapid dimming 
which results. Helium ure lights give an intense red ami yellow 
light which litis certain advantages over the mercury vajsir 
lamp. In Oeissler tills* helium furnishes a gixsl standard 
light in spectrophotometry, 

A number of other applications have Iteeit suggested, such iih 
its use in mixture with oxygon for ejeep-seu divers, tin* pnrjwise 
of which is to prolong the fieriod of submergence by causing the 
more rapid exhalation of curium dioxide; to replace oil for 
surrounding switches and circuit breakers for high-tension 
electric transmission lines; for filling thermionic amplifying 
valves of the ionization t,V|K*. 

Detection. — Helium is detected by its spectrum, the most prominent 
linen being the I), line which led to the discovery of the clcmintt mid « 
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imimiuctit (os-mi linr-X .VMli. 'I'lii-n- many *it!ier lines in tin- sjii-i-trittii, 
whose intensity varies with tli>- (<r* <iri ■ 

If (lie sample unih-r i-x.-iniiiciterti < -.ni an- miter iCrs-s than heliimi, these- 
nuiy Is- efTi-etively removed In eiH-*mi,til >h;ir«>«-,i eouh-rj with hijual :«ir. 

Estimation, The jniniv »f » siream >-f in-limn may l«- t-Miititimiiidy 
reenrilt-f! hy uit nutiiimiUe ilevieed* -vel»i|»-d at the i S Hnri-an »»f ,<tau»h 
Urdu. Its <i|iiTitinh (h-jit n<ls the ll,>-n,ril <.»iehi» tivity of th<- irti.s. 

When (inly two ts.-i-.i-s ar<- tm eid tie- ajijciratti - viti- a.-.-irale n-nlts; 
COttseijiii-iitly it is s»-r\ir>-:iJ>l>- it, >k-»lnfK will/ heli'iln -it :t jeirilv ulwivi- 7U 
|i(-r wilt, since tntmis- n f. lie- >.niv iin|><tri<s in u*h iiiaii-rial 

A rit|ri(I iiietlwd »f ilelerfiin nuts tie- min-tini >>f le-huni in a mixture is 
I i/lHfsI UJu.li the rajii'lit V uilh » hit'll tin- id ll--»- (Inveigh a nilinifc little in 
it jiieee nf jihitimitn f»»il . The in-imtin iit t- eiddtr tteil tym, t juir*- nitrii- 
jsen and a determ million n *(*nies 'l muoUcs An tooirov .,f I jn-r 
rent is |»tssilile in a (fas et.nl amints L'll j» r lent >>r tu‘*r*- nf lieliutii anil only 
one nt her ((iis. 

X t.OM 

Historical. As snnti tc. il Iw-eain-- lent that h»-liiint and 11 rgmi were 
Iticmla-rit nt a zrr-i grniif> nf i h inni 1 -. s aieh w;m niiide* fur an elriwnt 
wlmwt Iitomir weight would |ila»#. n lutwc.-n heh'tiu mii> 1 argon mi»l just 
Is-fiirt- sodium, l-'tir this jiur|<n-«e Is lif» * s .,f sig.tii gas were jire|omd frniu 
liquid air mnl i-ntirlen-s-.l #»* a Hv -usi-mI di-idl iie.tr-. »>f t Ins Injiial 

the elrltieiit main tftntn lie- tins It n-«rd ne-anililt " ii"t ' i *»s isolated 
from tin- mitre volatile (H.rl (*>l i Tie- w:i» ti»»l -.tgiuii nl.tniae-l ill pure 

form until Hi 10; nmsi-«|U)-iitly, its development hits l«-en very i.lovv, 

Occurrence. — Won m-rurs in tin- atmosphere in proportion 
of olio volume to alwiul fio.fKK) volumes of :iir. It him .tint) lu-i-u 
detected in some samples of natural gas nnd in the guses evolved 
by certain hot springs, 

Separation. Neon is the most difftctili of the rnre gases to 
obtain in pure form, not only Ih cuum- it is prt-scni in the itir in 
very mnnll amounts, hut also Is-muso it collects in tin* middle 
fractions which are tin- most iliflirult to purify. 

Several modifications of Ramsay's method of fractionation 
have been devised and iw-il to separate neon, The most 
Hucccwsful method for working; with a large amount of material 
uses a modification of Claude's apparatus, in which f met luna- 
tion is accomplished hy a fractionating column. By this means 
all the hydrogen, helium, and neon of the air are separated, 
with some nitrogen, tut the light gas. From this, nitrogen is 
removed by hot magnesium or cold charcoal. 

A simple method of separating neon from the other gases is 

' Ramsay ami Travel*. Pro e, Hoy. Hoc. U 31» { IMM) ; M 437 (ts®»). 
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to use the selective absorption of charcoal cooled in li»jjiicl air, 
devised by Dewar. Charcoal cooled to — 100° ( absorbs argon, 
krypton, and xenon completely, but scarcely absorbs beliuiii and 
noon at all. At a temperature of — ISO" to — !*.)<)’ ( ’ . . neim is 
absorbed and helium left, in gaseous state. Krmn I lie chuirnnl 
the occlndcd gases are easily obtained by raising the temperature. 
If nitrogen is present it also may be removed by cooled charcoal, 
since it is more readily absorlssl than either neon or helium, 

Properties. — Neon resembles helium closely, but shows a 
greater variation from the exjieoted values than any other 
member of the family. (Sec Table VII, page. 21.) 

Watson 1 has determined that a liter of neon weighs 0,11(102 
grams untler normal conditions. This corresponds closely to 
the accepted molecular weight, 20.2. 

The dielectric cohesion of pure neon at. 17° is , r >.0, much lielow 
that of helium and the lowest for any gas. This value is 
materially raised by the presence of impurities; eonseqnenlly, 
the purity of arty sample of neon may he judged by tin* deter- 
mination of this constant. 

Neon diffuses through quart /.at 1000” ( but less readily than 
helium. 

When neon is shaken with mercury or heated unequally a 
marked red glow np| tears, The explanation offered for llus 
curious behavior is that there is devolojied :i difference of 
potential which is sufficient to product* a glow in I he neon on 
account of its high conductivity. 

Noon may he liquefied at atmospheric pressure by surround- 
ing it with boiling liquid hydrogen; it may also be solidified 
by allowing the hydrogen to boil under diminished pressure, 

Using his positive ray analysis, . 1 . . 1 , Thomson hits shown 
that atmospheric neon contains two isntojws, one with an atomic 
weight, 20 and the other 22. This conclusion has Item confirmed 
by Aston, 3 who obtained evidence of two isotojH** of atomic 
weights 20 and 22 in proportion 0 to l. This accounts for lie* 
accepted value of 20.2, There is also some evidence of a third 
isotope of value 21, comprising about 1 jut cent nf (In* whole. 
If this conclusion is confirmed this would furnish an interesting 
triad somewhat similar to those found in Croup VIII. 

1 Tran*, f'hr.m, Mar, 97 H'.'U (JltJO), 

* Nature, 92 30H ( 1013) ; 1’hil, May, 39 110 (Hltfj). 
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Uses. — Several types of neon lamps have been designei 1 . 1 
the advantage being that the penetrating red rays are valuable 
for signaling. The light is produced by the glow discharge at 
the cathode and the intensity is dependent upon the area of t l * • ■ 
cathode surface and the pressure of the gas. With a voltu/z* ; 
of 220 the glow begins instantly, and when used for stroboscopi * t 
work the working flash has a maximum duration of one twi »- 
millionth of a second. Such a lamp has great value in measurii i is, 
the velocity of revolution and in many other engineering pm) >- 
lems. The economy of the neon lamp is shown by the stab • - 


ment that a Moore tube filled with neon containing a litt I * * 
helium consumed 0.26 watts per Hefner candle, while a simiht r 
tube filled with argon consumed 45 watts. Lamps containing 
as much as 25 per cent helium are as efficient as those contain- 
ing pure neon. Various electrodes are used, iron and aluminiui 1 1 
being the most common; an alloy made up of 82 per cent 
thallium and 18 per cent cadmium is especially successful nt* 
the cathode. The lamps burn for 2000-3000 hours. It hit** 
been found 2 that a neon lamp produces one hundred times iih 
much luminosity for the same current consumption as can lx* 
obtained with argon, 

A neon lamp 8 has recently appeared on the market which i t* 
recommended for use in halls, hospitals, and other places wher* * 
subdued light is desired. It is rated at about 5 watts and Ih 
supplied for both direct and alternating currents. The ecou - 
omy in its use corpes both from its long life and the saving of 
electrical energy when compared with the present methods 
of producing reduced electrical illumination. 

The ease with which an electric spark will pass througl* 
neon has been utilized in devising a spark plug tester for uses 

1 Elektrochem. 21 131, 132 (1918) ; Elektrochem. Z. 40 186 (1919) : F. W . 
Aston, Proc. Cambridge Phil. Soc. 19 300 (1919). 

s D. McF. Moore, Jour. Am. Inst. Elect. Eng. 39 732 (1920). 

’ Phillips lamp; see Electrician, 87 25 (1921) ; another type is the Pintsot* 
lamp, described in Elektrochem. Z. 42 121 (1921). 
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Fig. 3. — Spark Plug Tester 
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with internal eumbustion engines. These little instruments 1 
an* serviceable nut only for locating ignition troubles in nn 
automobile, but also are suggested for use in a. factory where 
the development of frictional electricity by the moving ma- 
chinery might cause u dust explosion. 

The neon spectrum lines are sharp and furnish « good stand- 
ard light source, especially between TUi!) A. and •io20 A- 

Detection. — Neon is identified )>v its lirilliimt. spectrum lines, especially 
prominent in tin* orange, and red regions. 

Argon 

Historical, -In ITS.'*, f'ovcndisli jail dished 5 an article describing an 
experiment in which he passed mi electric spark through it vohttiie of mr 
mixed with mi excess of oxygen and absorbed the products in an alkaline 
medium. After removing nil t he nitrogen the residual oxygen was absorbed, 
when there, ronmitied a gas which was neither oxygen nor nitrogen < 'it vert ■ 
dish estimated |he aioaoot of this gas to he not. t non* than t j„nf the bit id 
nitrogen. Tin's experiment was forgotten for over a century. 

In the years 180.1 i). r >, Lord Uu.vleigh WaN studying tin* weights of various 
gases from different sin trees. A liter of nitrogen from tie* air weight'll 
1.2172 g. while nitrogen prepared chemically weighed l.'JoltS g. per liter, 
The difference was much larger than the experimental error, and an exami- 
nation of the " chemical " iiitrogeu failed t.n show the presence of any light 
impurity. »Ho the ennrlusinu was neressnrv tluit the " altmtoplieria " 
nitrogen must. runt nin some constituent. heavier than uitrngeu itself. With 
tin: ci til jie ration of .Sir William lintusny, mid the suggest inn furnished by 
Cavendish's experience, it, was discovered that when all the known eon- 
stituerits of the air were nnnuved there always remained n n*sidue wlui-li 
wan proportional to the volume of air used. This residue was shown 1 
to differ from nitrogen both s|K*rtroscnpie:dIy end ehetnteiilly as well as m 
density. Thu new gas was named argon, moaning "inert," lieeiiuse of its 
cliemiiud inactivity, 'litis discovery has been sjKiken nf os the '* Trtnoipli 
of tiie Fourth Decimal,” lieemtse of tin: ex|H*rietiei*« leading to fb»*iitiiewiii*i— 
nient. 

Tito year 1804 saw the discovery of Isilh argon and helium, but the former 
was definitely isolated some tnontlis ls-fnrc the hitter, liniunlmtciv tin-re 
arose a (juoMtimt ns tu the position of argon in the jtomolic table. This 
problem became all the tnore puzzling tsieuH.se of t he fact that argon has n 
higher atomic, weight than isitassmin which it precede*. The opinion that 
argon should lx) placed in Group Zorn ls*fon* |sitassiniu received continua- 
tion from the diseovery of helium, but the stains of Isitli elements wits not 
fully established until after the discovery of the other eletiienfs of I his group 

1 Chan, and Met. Hug. 26 7ti:t (1021!) ; Jnnr. [tut, unit ting, t'fa «». U l< St 
(1U22). 

» Phil. Tram. 7# 172 (1785). 

* Rayleigh and Ramsay, Phil. Trim x. 186 187 (IHttfi), 



34 


THE ZERO GROUP 


Occurrence. — Argon is a very constant constituent of the 
air, .of which it comprises 0,94 per cent by volume, which is 
equivalent to 1.18 per cent by volume of atmospheric nitrogen. 
The per cent of argon varies only slightly in samples taken from 
various localities on land, but over the sea the per cent of argon 
is slightly more,' up to 0.949 per cent. Altitudes as great as 
3£ miles have failed to show 1 2 * any material change in the quan- 
tity of argon present, The fact that argon is more soluble in 
water than is nitrogen accounts for the fact that the proportion 
of argon in dissolved gas is greater than in air ; it also probably 
accounts for the fact that argon is found in plants and in the 
blood of animals. 

Argon is likewise a constituent of volcanic gases and gases 
from mineral springs, where it sometimes runs as high as 4,5 
per cent. It is found in certain samples of natural gas, and a 
few minerals, mainly zirconium ores, yield argon when heated. 
The atmosphere is supposed to be the original source of argon 
in nearly all cases. 

Separation. — Argon is always prepared from the atmosphere, 
the methods used being more or less simple modifications of 
the methods used by Rayleigh and Ramsay. 8 From atmos- 
pheric " nitrogen ’* the nitrogen may be removed by hot 
magnesium, lithium, calcium, a mixture of 5 parts lime and 3 
parts magnesium powder (Maquenne’s mixture), or a mixture 
of 90 parts calcium carbide and 10 parts calcium chloride, 
Argon for electric lamps is purified 4 by passing the gas under 
increased pressure through electrically heated furnaces con- 
taining copper and copper oxide. Commercial oxygen generally 
contains 6 about 3 per cent argon, and this may be recovered by 
distillation and removing the last of the oxygen with hot iron 
or copper, and the nitrogen by calcium turnings. 

Prepared in this way the argon always contains about 0.25 
per cent of the other inert gases, chiefly neon. These are best 
removed either by fractional distillation of the liquid or by the 
fractional absorption in cold charcoal. 

Properties. — The constants for the chief physical properties 
of argon are given in Table VII, page 21. 

1 Moissan, Compt. rend. 137 600 (1903). * I 'rant. Chem. Soc. 71 184 (1897). 

* Sohloesing, Compt. rend. 123 696 (1896). 4 Chem. and Met. Eng. 25 74 (1921). 

5 Bodenstein and Wachenkeim, Ber. 51 265 (1918). 
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A liter of argon weighs 1.782 grams, corresponding to the 
molecular weight of 39.9. 

Argon is about 2£ times as soluble in water as is nitrogen. 
At ordinary temperatures 100 volumes of water will dissolve 
about 4 volumes of argon. 

Argon diffuses through a fine opening about 3-J times as fast 
as would be expected by comparison with oxygen. 

Argon has the highest viscosity of all the principal gases — 
about 1.2 times that of air. 

The dielectric cohesion of argon is 38, ranking next to helium 
and neon. The sparking distance in argon is about 40 per 
cent greater than in air. A phosphorescence similar to that 
obtained in neon has been observed. 

When a continuous current at 2000 volts is passed through 
argon under diminished pressure, a red glow results ; but an 
oscillating current produces a blue color. Two spectra are 
therefore recognized, the red and the blue. Both contain a 
large number of lines, 

Argon is easily liquefied by the use of liquid air. Liquid 
argon is colorless, with a density 1.4. Solid argon, obtained by 
cooling the liquid, is a white crystalline substance whose melt- 
ing point is less than 3° below the boiling point. 

The chemical inertness of argon has been demonstrated by 
even more tests than were used in the case of helium, The 
results are all clearly negative with the possible exception of 
the effect of the silent electric discharge upon a mixture of argon 
with volatile aromatic compounds. 1 Argon was absorbed under 
these conditions, but there is no evidence of the formation of 
any compounds. 

Under pressures of 150 atmospheres pure argon is said to 
condense with ice water, forming a solid crystalline hydrate. 

Argon has been shown 2 to have two isotopic forms, one with 
an atomic weight of 40 making up 97 per cent, and the other 
with an atomic weight of 36. 

Uses. — Argon is the most efficient of the available gases for 
filling incandescent light bulbs, because of its low thermal con- 
ductivity, its inertness, and its density which holds in check 

1 Berthelot, Compt. rend. ISO 581, 1316, 1386 (1895) ; 124 113 (1897) ; 129 
71. 133, 378 (1899). 

2 Aston, Phil. Mag. 39 620 (1920). 



TIIK ZKJtfl < !!(<>( '!' 


30 


the valorization of I he tungsten filament :m<l prolongs its life. 
( 'imHoquenl iv, they an* especially serviceable in lainps which 
arc to ho used with an electric current of high density, (his* 
filled lumps are. rapidly replacing (he vacuum lamps cm account 
of tin- appreciable economy in their use. Roughly, half the lamps 
sold in It) If) were gas filled, and of these argon lamps were most 
efficient for currents of high density. In December, 11)22, it was 
estimated that 7'».(HX) cubic feel of argon were consumed in the 
United States each month in the manufacture of incandes- 
cent lumps. The " tinigur" rectifier, a charging device using 
a tungsten filament in an argon hallo is also rapidly lieentning 
popular. 

Detection. — Argon is deterlcd spcHomefipiviillv, hai the coiniiletc 
removal of nitrogen is essriitiid. since its presence obscures t lie clmraofcr* 
rstin argon lines. As moeli ns 117 per mil nrgon in nitrogen ran with 
difficulty lie delected by Die spectroscope. The purity of nrgon runy lie 
indicated by the dctenoimnimi of its dielectric cohesion, since 1 per cent 
of uny dintmnii! gun increases i his must out 260 jmt cent. 

Krypton 

Historic*!. — When Itinusuy mid Travers were working upon the sepa- 
ration of nrgon, they frttelioniUed * .'HI liters of liipiid air, mol from the less 
volatile portions they separated a gns which resembled liclmtii, neon, and 
nrgon in general cliumeteristieM. This g:i* hail a •leie.il v 22,. r i on the basis 
rtf II «• I, nnil gave an entirely new spectrum. This gus was mimed 
krypton, the hidden element, l/slcnbcrg and Krliicl 1 evujKir.'ttcd Hot) 
liters iif liquid air and olitained the winie results. 

Occurrence. — Krypton in found in tin* atmtwphere in the 
proportion of about 1 part in 2U,0(HMK>0. It i* present in 
alightly larger amount* in the gases evolved (rant certain miu- 
ttral apringa. 

Separation. — Krypton ha* never been obtained except from 
the atmosphere, A convenient method of separation consist* 
in paaaing a alow atreum of dry oxygen, which luta Imrii ma- 
terially enriehwl by fractionation in a litjuitl air plant, thronglt it 
tube cooled with liquid uir, la thia way krypton and xenon 
together with a little nrgon condense tut a liquid or aolid. 

Pure krypton may l>e prepared by alowly wanning the aolid 
mixture and pumping away the gaa find lilierated ; chareoal 
cooled to — 120° diaaolvca all the krypton and xenon with only 

• Pr„r, Kay, .See, *8 405 (1*98), 

* Siiitinctber. K, Ptkum, Akod. (1900), pugn 727. 
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a little argon, The latter is removed by exposure to fresh 
charcoal cooled in liquid air, and krypton is then expelled by 
allowing its bulb to warm up to —80° Iteixuted fractiona- 
tion is essential for obtaining pun* krypton. 

Properties. — For the principal physical constants see r l able 
VII, page 21. The density of krypton was determined 1 from 
the purest materia 1 obtained by the fractionation of 120 tons 
of liquid air. From the data obtained a liter of krypton weighs 
3.708 grains. The molecular weight is therefore calculated to 
have the, value 82.92. 

The spectrum of krypton shows marked peculiarities. When 
the direct, discharge is used I lie* lines are few in number and 
chiefly in the yellow, blue, and green. By the use of it Iw.vden 
jar and spark gap a large number of blue lines are visible. The 
most persistent line is A *>'>70 which may he seen at. pres- 
sures as low as jg-jyo* atmospheres. It was formerly supposed 
that the. weird beauty of the aurora borealis wits in part due to 
krypton, since the lines of this element were I bought, to have 
been identified in the speetnuu of the aurora. Recent- investi- 
gation mans to cast doubt upon this conclusion. 

Since krypton has a boiling point, nf — 1 .*i l**,7 ( *. it is easily 
liquefied at the temperature of liquid air. 

Krypton probably has six isotujws, whose atomic weights are 
given • as 78, 80, 82. 83, 81, mid 80, 

Identification. -* Krypton is identified by its elmrneteristie eperirnui 
lines. Tim quantity »f krypton iu nay g»s in»,v Is*, determined * by xjn'otro- 
photninctry. 


XtfNON 

Historical. ■ The discovery of xenon w»s t»»<l>* ut the saint* tune nml 
in tlm snuie investigation that revisited the preseiife of krypton. Xenon, 
which is heavier thou imv of the preceding noble gases, w»« »blftiocd 
from the least volatile portions of liquid air. The nun in Hetem supplies a 
stranger. 

Occurrence, — Xenon is the rarest of the inert gases, ts*ing 
found in the atmosphere to the extent of approximately 1 volume 
in 1 70, 000, (XX) volumes of air. Its soltibilil y in water is greater 
than any of the other mends rs of tip* group except niton, which 

’ Moore, Tranx. (■'hi'tn, Site. 93 lilsl (ItKIH), 

* A -I on. Phil, Mug. 39 AXt (IICJO), 

’ Moureii and Lntmpr. Com/rf. nml. 174 BOH HUM:*;, 
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explains its presence in tin- gases of ninny miitcr.nl springs. 1 
It. is isolated only from the atmosphere. 

Separation. - In spite <if its scarcity, xenon is quite easily 
prepared in a pure state because it is concentrated in the least 
volatile fractions. The separation may he accomplished by 
the fractional distillation of considerable quantities of liquid 
air as suggested under krypton. 'Hie most convenient way of 
getting xenon is by passing liquid air residues through a tube 
filled with glass wool null cooled by liquid air. Hv carefully 
regulating the temperature and pressure it is possible In obtain 
solid xenon with only small percentages of other gases occluded. 
The vapor pressure of solid xenon is only 0.17 mm. at the tem- 
perature of liquid air, so it is fairly easy to pump olT all more 
volatile gases. The small fraction of krypton which is en- 
trapped may he almost entirely removed by melting the solid, 
then re|>cjiting the process, 

Properties, (See Table VII, page 21.) The density of xenon 
was determined by Ramsay and Travers 9 working with only 
3 r.c. of the gas, Hut the value obtained by Moore, using the 
purest, product from Ids 120 tons of liquid air, is far mure 
accurate. His work gives the weight of a liter at standard 
conditions as . r »,8. r d g, Tins corresponds to u molecular weight 
of 130.22. 

like helium itnd krypton, xenon has two s|K‘ctm, defending on 
the method of production. An uneondenmsl discharge through 
xenon gives a light blue color, while a condensed discharge pro- 
duces u green. The lines in tin* latter are esj>ecially numerous. 

The critical temperature of xenon is KP.O above tin* melting 
jmint of ice. Consequently in a cool mom the gits may la* 
condensed without artificial cooling, a pressure of 58.2 atmos- 
pheres being neeesHtiry, 

Liquid xenon is colorless with it density of 3,00 at its boiling 
point, — 109°. 1 <‘, The density varies widely with teinpcmt tire, 
being 2,094 at — 50° .3, 1.987 at if, ami 1.408 at 10°, 

Solid xeuon is easily prepared by cooling the liquid. 

Work with a small amount of impure xenon has let! * to Hu; 
conclusion that the element is known in five isotopic forms. 

1 Mourwi unit Leimpc. Cumpt, nnd. 149 1171 (UKW), 

• Phil. Tran*, 197 47 (1901), 

* A*t»n. Phil, Mag, 99 (1920), 
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Identification. — The detection of xenon is neeoinplislteil h.v it?» rim r- 
acteristic spectrum lines. The qunnl.it/tt.ivc (leleriniimtinii way lie tbnin 
by spectrophotometry . 1 

Niton 2 

Historical. — In studying tlir jihetininoim of radioactivity the f'lirim 
observed that nearly any Hub.st.imrr when lirmight near tit radium nri|tureil 
an induced radioactivity. The intensity uf this induced mdimirtivity was 
found to he pruportiunjtl In the time of exposure, tip tn a ei-rtniu limit, 
and decrcitscd rapidly after tJie radium was removed. Rutherford Htudied 
this behavior ami found that. the. phenomenon was due tu the enlitiaiimis 
evolution of a rolorlcss sulistuneo wliieh was itself highly mdinnetive, 
This substance behaved like a g»s, hut. Rutherford proposed to eitll it mi 
"emanation ” rnnee at first it vvn.s not. certain that it. was tn hi' |irn|terly 
designated as a gas. Careful study lias, however, revealed convincing 
evidence that it is a radioactive gas, resembling the inert gases ami properly 
placed in the Zorn Grmip. The name niton has now pretty generally 
replaced the former name radium emanation. Isotopic with niton are the 
gases actinium emanation and thorium emu nation, 

Occurrence. — Niton in probably present in all radioactive 
minerals, but always in infinitesimal amounts. Si nee it dis- 
integrates rather rapidly, it is always a transition product, 
in equilibrium with the. radium present. Since this element, is 
itself present in very small amounts, the quantity of niton in 
any mineral must lie exceedingly small. 

The presence of a radiouetive gas in the atmosphere has linen 
demonstrated 3 by the simple exposure of a negatively charged 
wire. There was collected u|>on tlu- wire a deposit, itself 
radioactive, soluble in ammonia, or removable by rubbing, 
Study of this deposit, has shown that, it is a mixture of solids 
including radium A, radium B, radium (', etc., and thorium A, 
thorium B, thorium (', etc, These substances are obtained 
from the emanations of radium ami thorium. The pro[K>rtimis 
of the two vary considerably in various Idealities, but in general 
the proportion of niton is greater at higher altitudes and the 
amount of thorium emanation increases at lower levels. Thu 
amount of niton present in a cubic meter of air is estimated to 
be that wliieh would 1 m; in equilibrium with l .OX 10 w grouts of 
radium, 


1 Moureu ami Lepape, Cmnpt. rrntl, 174 UOK ( I H22), 

* The newly organized Intcrmitimiiil Cmniuillei, <m < 'lien, lent FWnin ms 
ommonds the nanio radon , with sviolsJ Kn. for the clement fonctetlv > nihil 
niton. Chern. Nows, 126 145.(1022) tiutt ./V/wv-st/a. (‘hem. 46 W)7 1111211 ), 
140^1904) rf ° r<1 a! ‘ d 4 (vi) 7(UTS^I2) ; All.-I,. ihyl, % (vi) 
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THE ZERO GROUP 


Separation, — Niton is normally given off slowly but con- 
tinuously from radium and its salts. If the radium material 
is heated to about 800° C. the gas is expelled almost wholly 
Since the maximum amount of niton which can be in equilibrium, 
with a gram of radium is 0.585 cubic millimeters, the amount of 
niton obtainable at any time is exceedingly small. It is cus- 
tomary to wash the niton out of the tube with some other gas 
such as oxygen. 

When an aqueous solution of radium salt is kept in a closed 
flask, there is a continuous evolution of niton, hydrogen, and 
oxygen. The last two are produced by the decomposition of 
water by the radium. The proportion of hydrogen is from 5-10 
per cent more than would be expected from the amount of 
oxygen present. This is explained by the action of the pene- 
trating radium rays in converting water into hydrogen peroxide 
and hydrogen. Niton obtained from solution is purified by 
first exploding the hydrogen and oxygen, then cooling the 
residual gas. In this way niton is condensed, forming micro- 
scopic globules of a liquid. It is possible then to pump off the 
remaining hydrogen together with the helium which forms 
from the disintegration of niton. 

A small amount of niton has been prepared 1 from the atmos- 
phere by a similar method. 

Properties, — Niton is pretty certainly a gas, for it has a 
characteristic spectrum which is somewhat like that of xenon ; 
it obeys Boyle’s Law ; it can be liquefied and solidified and has 
definite melting and boiling points. It is colorless by trans- 
mitted light. It is chemically inert and so is placed in the 
Zero Group. 

The density of niton has been determined 2 by direct weighing 
on the microbalance, using about ^ $ milligram of the gas. 
The effusion method has also been used 3 and the value 222,4 
selected for its atomic weight. This agrees with the theory of 
niton formation, for if an atom of radium with atomic weight 
226 is transformed into an atom of niton by the loss of an alpha 
particle, which is a charged helium atom, then the atomic 
weight of niton should be four units less than that of radium, 

1 Ashman, Am. Jour. Sci. 26 (iv) 119 (1908). 

2 Gray and Ramsay, Proc. Roy. Soc. 84 A, 536 (1911). 

• Debierne, Compt. rend. 150 1740 (1910) and Perkins, Amer, Jour. Sci. 25 
(iv) 461 (1908). 
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Niton is more readily soluble in water than any other of the 
noble gases. It is also soluble in organic solvents, such as 
ethyl alcohol, toluene, and amyl alcohol. 

The spectrum of niton is the same, whether the discharge is 
condensed or uncondensed, It resembles the spectra of the 
other inert gases, each of which contains certain lines whose 
positions seem to be related to the atomic weight, 1 

Niton is absorbed by cocoanut charcoal at ordinary tempera- 
tures, a behavior which is useful both in separation and purifi- 
cation of the element. 

Niton emits a characteristic phosphorescence which is so 
intense in the solid that it is impossible to determine the color 
in this state. The luminosity is less in the liquid and least in 
the gas. This phenomenon is supposed to be due to the con- 
tinuous emission of energy, which is indicated by the evolution 
of heat as well as the decomposition of water, carbon dioxide, 
carbon monoxide, ammonia, and hydrochloric acid. Ramsay 
reports 2 that when niton acts upon solutions of salts of silicon, 
titanium, zirconium, thorium, and lead, in every case carbon 
dioxide results. This indicates a breaking down of the larger 
atoms giving rise to carbon, the simplest atom of the family. 
The reported change of copper to lithium and water to neon 3 
is not regarded as having been definitely demonstrated. 4 

When first separated, niton gas slowly contracts for a day or 
so, until it occupies about \ its volume. Then it expands 
slowly to nearly 3J times its original volume. At the end of 
three or four days the spectrum of niton can no longer bo 
detected, but the lines of helium are present, This and other 
facts of a similar nature have led to the conclusion that niton 
disintegrates yielding helium. 6 In 3.75 days half the niton has 
disappeared. 

Uses. — Niton is now being used for medical treatments in 
place of radium, Its use permits a material saving of radium 
and it is especially useful in small hospitals which are not able 
to keep on hand a sufficient supply of radium for medicinal use. 

1 Paul W. Merrill, Bur. of Standards, 15 251 (1919) ; Science Paper, No. 345. 

2 Ramsay and Usher. Ber. 42 2930 (1909). 

» Ramsay and Cameron, Trans. Chem. Soc. 91 1604 (1907) ; 93 992 (1908). 

4 Rutherford and Royds, Phil. Mag. 16 (vi) 812 (1908) ; also Curie and 
Gleditsch, Compt. rend. 147 345 (1908). 

4 Ramsay and Soddy, Proc. Roy. Soc. 72 204 (1903) Himstedt and Moyer, 
Ann. Physik, 15 (iv) 184 (1914) ; Martin, Chem. News , 85 205 (1902). 
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Is Zero Group Complete? Although the periodic table 
seems to justify the conclusion that all the noble gases have 
been discovered, yet it seems possible that certain strung** lines, 
particularly one at !>!>7, in the spectrum of the aurora may be 
due tn an unknown utmospherie gas. Attempts to separate 
such a constituent hy diffusion through Incited quartz and by 
fractionation of a liquid air residue failed to reveal the presence 
of any new gas.' 

1 lion l mill Jnnuurod. Arch, act phya. <in(. 2 UI55 



CHAPTER III 


GROUP I — LITHIUM, RUBIDIUM, CAESIUM 

Like nearly all the other groups in the periodic (aide, Croup 
I contains two distinct suit-groups called for convenience the A 
and B divisions. If the relationship between the metals of 
this group was typical, we would have one so- 
called typical element, in this case lithium, fol- 
lowed by potassium, rubidium, and caesium iu 
the A division and sodium, copper, silver, and 
gold in the B division. Obviously sodium be- 
longs with the alkali metals both chemically and 
physically. On account t>f the fact that lithium 
and sodium do nut resemble potassium, rubid- 
ium, and caesium so closely as these elements 
resemble each other, it is sometimes considered 
best to put both lithinm and sodium us “typical " 
elements, introductory to both divisions. It is 
a very common procedure also to put hydrogen 
in Group I although it does not harmonize with 
the other elements. Thus there may be three 
“ typical " elements of this group, although not 
one, of the three is really typical of both divisions. 

Fig. 4 shows the relationship of the members of this group. 

The typical A division metals, potassium, rubidium, ami 
caesium, resemble eae.h other remarkably . Iu Division ft, 
copper, silver, and gold are alike in many respects although 
there are marked differences also, When members uf the A 
division are compared with the metals of the It division, very 
few resemblances can la* found, hut the rant rusts are so si riling 
that some have preferred to omit copper, silver, and gold from 
Group I. Mcndeleeff was evidently in doubt upon this fmint, 
for he put these three (dements in both Groups 1 and VI 11. 
It is doubtful whether the placing of copper, silver, and gold 
in the same family as tin; alkali metals is any less logical than 
putting manganese in the halogen family. A comparison of 
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GROUl 1 ! 


the A mul R tli visions of the various groups reveals the fact 
that very close resemblances are to be observed in groups near 
the. center of the Periodic Table, but as we leave the center in 
either direction the rcscmlilune.es grow less marked and con- 
trasts Itec.ome more noticeable. 

The differences Ik ' tween the. two divisions of Group I may he, 
summarized as follows: (!) The. important, possibly the only, 
valence in the A division is I, while the most common valence 
of copjair is 2 and in the most, stable compounds nf gold the metal 
has a valence of it. (2) The alkali metals are the most active 
metals that we have, standing at the head of the Kleetromotive 
Scries and displacing all other metals from their combinations. 
They are easily and quickly oxidized in the air. On the other 
hand the members of Division 15 arc among the least active of 
our metals, silver and gold remaining untarnished in the air, 
while copjtor oxidizes slowly ; these metals are at the font, of 
the Kleetromotive Series, !>euig displaced from solutions by 
nearly all other metals. (3) The alkali metals are never found 
in anions and they yield no complex cations, while the Division 
B metals arc frequently found in anions such as the important 
compounds KAu(CN), (K'+A»(C'N) a ). KAg(CN), (I<++ 
Ag(CN)*~), KAuO s (K++An<V), KAu(CN)s(K+ +Au(CN)»-). 
They also apiwar in complex cations such ns Ag(NHs) s (!l 
(Ag(NH s ) s + + (T), C’u(N1I 3 )«(NO,) 4 (Gu(NI1„) 4 + + + NO,-). 

(4) The alkali metals are the strongest base forming elements, as 
is shown by the facts that their hydroxides are st rongly ionized 
and their Iodides are not hydrolyzed. The oxides and hydrox- 
ides of copper and gold arc feebly basic, the latter even at 
times weakly acidic. The halides of these metals are hydro- 
lyzed, so basic salts are numerous. Silver forms a rather strong 
oxide, AgjO, and its halides are not hydrolyzed extensively, 

(5) The oxides, sulfides, and chlorides of the alkali metals are 
soluble in water, while thn corresjxtnding salts of copper, silver, 
and gold are insoluble, with the exception of AuCl»and CuClj, 

(6) The alkali metals occur in nature in combination, the com- 
pounds being exceedingly stable. Copper, silver, and gold are 
found abundantly in the free, state. (7) The alkali metals have 
been discovered within recent times and their uses are largely 
for scientific purposes, Copper, silver, and gold were among 
the first metals to be used by primitive man and they have 
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been used since time immemorial ns uriiamnits. They are 
almost universal and exclusive, coin metals. 

There arc some similarities between Divisions A und B, but 
they are less striking and not so numerous as the contrasts. 
The crystal forms of some salts of the. two divisions are iso- 
morphous, showing a deep-seated relationship. For example 
Ag 2 S0 4 and Na 2 SO, display isomorphism, while Nsif'l, < '»< '1, 
and AgCl arc also isomorphous. Another relationship bet ween 
the two divisioas is suggested by the fact t hat the most st a bit- 
compounds of gold are tri valent and that, potassium, rubidium, 
and caesium probably all form trivulent stilts, especially iodides. 

Considering the members of Division A, it is easily seen that 
lithium and sodium differ in many respects from potassium, 
rubidium, and caesium. Lithium is not n particularly strong 
alkaline element, while the metallic, pro perl ies of sodium, 
potassium, rubidium, and caesium increase gradually as the 
atomic weight increases. Potassium, rubidium, und caesium 
form difficultly soluble tartmt.es and chlorplatinates, and by 
means of these salts these three elements may 1 m- separated from 
sodium and lithium. The alums of potassium, rubidium, and 
caesium arc also difficultly soluble, while the fluorides of these 
mctals are more readily soluble than those of lithium and so- 
dium. The carbonates nf potassium, rubidium, and caesium 
are deliquescent, while those of lithium and sodium nre not. 
The valence of, lithium anti sodium is apparently always one, 
while potassium, rubidium, und caesium form eoin|«u*nds in 
which the valences may be three or more. The best known of 
these substances are the iodides, such as the one formed by the 
solution of iodine in KI. Whether I 2 dissolves in K1 forming 
KIs or KI • I 2 is a question which cannot be answered finally at. 
present. But the corresponding cunqioiitid formed by milling 
iodine to caesium iodine is a stable compound, and caesium 
di-chloriodide is one of the most, stable and most important 
salts of this metal. The great variety of double salts of caesium 
would seem to indicate that this element at least sometimes has u 
higher valence than one. 

In comparing the members of the B division with each other, 
we find them showing resemblances in hurdness, occurrence in 
nature, general activity, and chemical Is-havior. The color 
of copper and gold is quite unique among the metals. The in- 
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soluble chlorides Cud, and AgC'l are white, and Au(*l is nearly 
so. These metids form similar double salts, such as the cyanides. 

It is pointed out forcibly that copper, silver, and gold form 
transition elements l«*t.ween nickel, palladium, and platinum on 
the one hand and zinc, cadmium, and mercury on the other 
hand. It is to be observed from Table VIII that copper, sil- 
ver, ami gold take an intermediate position with resjicet to fusi- 
bility, volatility, coefficient of expansion, and atomic volumes. 


Tauij.; VIII 


*. ' ' 


IVll.IMt 

CBKryjniNT *iv 

Atum)»? 


IV) NT 

IV) NT 

IvX)'ANMI**N 

Vnt.iMH 

Nickel . . 

1452. 

2340 (30 mm.) 

.0,1511! 

r,.r, 

Copper . . 

10KB. 

2310 

.0,174 

7.1 

Zinc . . 

410.1 

020 

.0,2!) 1.3 

0.1 

Palladium . 

1542. 

2300 

.0,1230 

0.1 

Hilvcr . . 

DIK1.5 

2HX) 

.0,1051 

0.2 

Cadmium . 

320.1) 

773 

.0,247 

10.2 

Platinum , 

1755. 


.0,00221 

13.0 

Gnld . , 

1003. 

2530 

.0,1 4 .51 

10.2 

Mercury . 

— 3>S.O 

357.3 

f .0,1X2 Cubieal 

14.7 



(.0,(>0 Approx. 



Lithium 

Historical, — While working in Berzelius' Inlwratory in I H ! 7, Aug. 
Arfvcdsnn discovered in the minerals pi-tn!itc and spinhimcuu a new alkali 
element. It differed from the known alkalies in I he insolubility of its 
carlxmate, the hygroseapie nature of ils chloride and the low melting jm on t a 
of the chloride and sulfate. Bemuse of the fuel that this alkali was found 
in minerals it was given the name lithium, inenriitig stony, in eon trust to 
sodium and potassium, whieh art! so widely distributed in the plant, and 
animal kingdoms, The work of Bunsen nml Kirchoff with the Hjteel roscojto 
showed 1 tliat lithium was also very generally distributed among Isith 
plants and animals, although usually in small amounts. 

Occurrence, — Lithium ts found in a considerable number of 
minerals which are widely distributed over the earth's surface. 
The three most important sources of lithium in the. United States 
ares (1) Lepidolite, ml led litliia mica from its apjicnranee, a 
basic silicate of the theoretical formula KLi(Al(OH)F) s - A1 
' 1‘hU, Mag, SO <iv) 07 (JH80b 
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Table EX 

Properties of the Alkali Metals 



Lithium 

Sodium 

Potassium 

Rubidium 

Caeshjm 

Atomic Weight 

6.94 

23.0 

39.1 

85.45 


Specific Gravity 


0.9712 

0.8621 

1.532 


Atomic Volume 

13.1 

23.7 

45.4 

55.8 

71.0 

Melting Point 

186° 

97° 

62.°5 

38.°5 

26.°5 

Boiling Point 

■Hoilftj 

877.°5 

700.° 

696.° 

670.° 

Specific Heat 


0.293 

0.166 

0.0792 

0.0482 

Color of Flame 


Yellow 

Violet 

Red 

Blue 


(Si0 3 ) 3 , containing up to 6 per cent Li 2 0, is mined in San 
Diego County, California. (2) Amblygonite, A1P0 4 * LiF, 
containing 8-10 per cent Li 2 0, found in Maine, Connecticut, and 
especially South Dakota- (3) Spodumene, LiAl(Si0 3 ) 2 , con- 
taining 4-6 per cent Li 2 0, is mined principally in the Black 
Hills of South Dakota, where it frequently occurs in crystals 
30 feet long. In addition lithium is found in varying amounts 
in a large number of other minerals, in meteorites, spring 
waters, soils, certain plants such as sugar beet, tobacco, cereals, 
coffee, and seaweed, It can be detected in milk, blood, muscular 
tissue, and lungs. Its function in the body is not known. 

Mining of lithium minerals in the United States has recently 
developed rapidly. In 1919 a total of 6287 short tons were 
produced valued at $115,000. This was more than 10 times 
as much as was produced in any year preceding 1916. In 1920 
the production totaled 11,696 short tons, valued at $173,000. 
Lepidolite from Pala, California, and spodumene from Keystone, 
South Dakota, were the chief ores. 

Extraction. — From a silicate mineral, lithium compounds 
may be extracted by long treatment with concentrated HC1. 
After filtering, Na 2 C0 3 is added to precipitate other metals, 
and the filtrate evaporated to small bulk. Addition of more 
Na 2 C0 3 precipitates Li 2 C0 3 . 

From a phosphate mineral, lithium may be extracted by HC1, 
with the addition of some HN0 3 ; the phosphoric acid should 
be removed by the addition of FeCl 3 . Evaporate the filtrate 
to dryness, extract with hot water, add barium sulfide to remove 
iron, then H 2 S0 4 to remove barium. To the filtrate add oxalic 
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acid, evaporate and ignite; the alkali carbonates are formed, 
of which Li v ( X ) 3 in the. leant soluble. 1 

A third method of extraction in described an follows: Finely 
pulverize the mineral, mix with NII 4 C1 and (,'aOOs, and 
ignite; extract, with water, add 11(11 and evaporate to dry- 
ness, then extract LiOi from the residue with amyl alcohol or 
pyridine. 

Separation. — Lithium may he separated from the other 
members of tins alkali family by the solubility of the chloride 
in lunyl alcohol, pyridine, primary isobutyl alcohol or abso- 
lute ethyl alcohol ; by the insolubility of the carbonate or of 
the phosphate in the presence of ammonia and ethyl alcohol ; by 
the solubility of the fluosilinate. Lithium may he separated a 
from sodium by precipitation of NaC'l front a solution of the 
perchlorates in anhydrous n-butyl alcohol by addition of an 
alcoholic solution of MCI. 

Metallurgy. — Arfvedson, Chnelin, and Davy each tried to 
obtain metallic lithium by electrolysis, and probably each oi>- 
tained a small amount of the element. But the amounts worts 
so small that little, was learned about its pro; sorties, So tho 
credit for first studying the metal should go to Bunsen and 
Matthiesseu, who in 1865 used a more {xswerful current and 
obtained considerable quantities of tho element. They used a 
bath of fused chloride, hut more recently it has I>eon found ad- 
visable. to add KOI to lower the fusion point of the electrolyte. 
Kahlenbcrg has shown * that if a current is passed through a 
solution of LiCl in pyridine the metal is deposited. If LiCl 
and calcium chips are mixed together and heated in an atmos- 
phere of hydrogen, metallic; lithium is obtained. 

Properties. — Lithium is a silvery white metal, which tar- 
nishes in the air, though more slowly than any of the other 
alkali metals. It is a little harder than sodium hut softer than 
lead and is noticeably friable. It can Iks pressed into wire or 
welded at room temperature. It is the lightest of all metals, 
floating upon both water and kerosene. 

It reacts with water at ordinary temperature, but the heat 
of reaction does not melt tho metal and is not enough to ignite 

1 Huk« MQllwr, Annalen, W 251 (1853). 

* Willard & Smith, Jour. Am, Chtm. Sac. U 2816 (1022). 

* Jour. Am, Chan, Hoc, 84 401 Jour. 1'hynic, Chm, S 802 (1890). 
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the hydrogen even if the water in htiiling. When heated in the 
air, lithium burns quietly with a bright- white light, yielding 
LUO, and at red heat it. unites readily with hydrogen, forming 
LiH, which is quite stable. It i mites also with nitrogen, form- 
ing Li 3 N, and burns when heated in ehlorine, bromine, iodine, 
sulfur vapor, or dry carbon dioxide. Dilute sulfuric mid hy- 
drochloric acids dissolve the metal readily, but concentrated 
sulfuric acts more slowly. Nitric, acid attacks lithium so vio- 
lently that the metal usually melts and often ignites. 

The metal is ratlier rare ami is usually quoted iinmn gram lots 
at a price around $1.1)0 per gram. It has no commercial use. 

In its compounds lithium resembles sodium in that its cldoro- 
platinate is relatively soluble, but the difficult, solubility of 
LiOH, LLCOrs, and Li 3 P0 4 • 2 II 8 0 is in sliarp contrast with the 
behavior of the corresponding salts of the other alkali metals 
and suggests a close resemblance to magnesium. LijCOa is 
decomposed at high temperature, in this respect resembling 
MgCOj more closely than the carbonates of the alkali met nls. 

The lithium atom has been shown 1 to contain two isotopes 
of atomic weights (i and 7. 

Uses. — Lithium compounds are used in increasing amounts 
in the manufacture of glass, The chief uses of lithium salts 
for some years has Ixten in medicine and pyrotechnics. 

Compounds. — The r.ntntmuuds uf lithium I tear » genci'itl fractal ibtlirr 
to the corresponding couqumiuls of sodium. Nearly nil (lie rutuisimida 
of lithium are readily soluble iti wuler, the must important excel it tons Iwing 
the carbonate, phosphate, and fluoride. 'I lie following am important 
compounds : 

Lithium chloride., Lid, forms wlorliw cry stub ntid is •me of the most 
deliquescent suits known. It has n xhnqi saline taste ; is soluble in water, 
ethyl alcohol, amyl alcohol, ether, chliiri iform, and pyridine, (Hie Tattle 
X.) When an aqueous solution of I .*01 is cvtqKiratct! to dryness, stitall 
amounts of HOI iinil LijC) lire fiirmed in n rimniicr strongly suggestive of 
the behavior uf MgOij. It is used in the tuiinufiicture of lithia water* and 
in pyrotechnics. 

Lithium hydride, LiH, is formed hy direct. ftttnhinutftin of the elements, 
Its properties indicate that, it is a salt. On electrolysis in a vacuum, 
hydrogen Is liberated from the anisic and lithium tit. tin* cathode, Tins 
is the only instance yet reported in which hydrogen appears tu have ticul 
properties and to yield a negatively charged inn.* 

1 Aston. Nature, 106 827 (1021) ; Dempster. I‘hy», He e, 18 IIS (1021). 

* K. Moors, Z, anarg, chan, 11$ 170 clOlfll), 
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Table X 


Solubilities of Alkali Chloride in WO g. solvent at 2~>° C. 



Ktovi. Ai.conm. 

Amvi. Al.i'i. leu. 

LiCl 

25.8 

ft.O.'i 

Nutt 

0.005 

0.002 

KCt 

0.02 

().(KH)S 

RbCl 

0.078 

0.0025 


Lithium plniyjibnte in whit** crystalline powder which iH soluble in 
acids hut difficultly soluble in water. 

Lithium curl innate is it white powder, crystalline, whose solubility in 
water deerruses willi rim- uf teniperulurc: at. 0". |<MI g. nf water dissolve 
1.639 R. LijOOj ; ut 20", 1 .3211 g. ; lit 100'*, 0.72K g. It is used iti meiliciue 
fur rheumatism. gout, etc. , its value dcjicinlj un on the theory tlmf lithium 
unite, l>eing more, soluble limit t.ltc sodium unit, should make the elimination 
of uric acid inure complete. Dimht linn liecii raised as to its efficiency fur 
thin purpose. 

Lithium titrate Iiiih a hunt alkaline taste itnrl Is'catwe nf its inihl tus to 
and nondrritnting effect is the mosl }io)nil;ir lithium unit, in meriiciun. 
The benzoate, bromide., salicylate, and other salts tire also lined in tnedieino 
far gout, rheumatism, concretions, epilejmy, ut-jihritiK, etc. 

Lithium hydroxide (or cnrismnte) is added to (he Kdison stern go 
battery to inprense its capacity. The electrolyte is2l per cent KOI!, and if 
60 g. LiOH per liter uf electrolyte is milled tliere is produced 12 |mt ecut 
higher capacity and 21 |icr cent ilicnui.se in the electrolyte resistance. 

Lithium suits or minerals lire sometimes iiddctl to the melt in the tnmut- 
ffteture of glims on account of the increased fluidity which tint lithium 
produces. 

Detection. * Lithium compounds are best detected hy the s|«'ctro- 
bcojk). Two lines are pniiainent, a faint yellow' line X tllOl and a bright red 
line at X070K. As little ns a millionth of u milligram may lie detected 
BiHictroscopically. 

Rmmm'M 

Historical. — In 18(11, Bnnsen and Kirehhoff studied 1 the alkaline, con- 
stituents extracted from somo samples of lcpidnlrte which |md Is'eti ol>- 
tained from -Saxony. They found Hint (he precipitated potassium chloro- 
plfttinnte cnnlaincd a salt somewhat less solahle than itself, whose spectrum 
contained new lines in the violet, blue, green, yellow, and red. Ks[s-ei»lly 
prnmineut were two red lines lying ls-yuad Fraunhofer's line in the outer- 
mast iKirtiiui nf the red solar sped nun. ilence, the nnnie rubidium, 
dark rod, was suggested far the new element. It was present in such small 

' Phi/. Mao. » (4) :««) Ut««). 
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amount in the mineral with which Hausen oml Ivirrli'ilT were working *h«I 
they used 150 kilograms uf the ore in order to get enough of the new eh'tuwil 
to study its properties. 

Occurrence, — Rubidium occurs widely distributed in imtim\ 
always associated with the other alkali elements and usually 
in very small amounts. Among the minerals, lepidolite eon- 
tains the largest, amount. The mineral from which Bunsen 
and KirchofT discovered the element contained 0.21 per cent. 
Rb 2 0, though some samples of lepidolite contain ns much us 
per cent of mhitlia. Leninite, carnallite, and most lithium ores 
contain small amounts of rubidium, as do most, iron ores, some 
aluminium ores, anil meteorites, Truces are also found in soils, 
mineral springs, seawater, and seaweed ; in 1 tents, tobnern 
(especially from Havana mid Kentucky), coffee, tea, oak, and 
beech trees. The presence of rubidium in plants seems lo he 
accidental, since neither this element nor lithium can in general 
replace potassium as a plant food. 

Extraction, — Rubidium may he extracted from lepidolite 
by decomposing the finely ground mineral with calcium fluoride 
and sulfuric arid ,* heat., Hum extract with water, evajinntlr, 
and allow the caesium-mi lidium alums to crystallize. 

Another method may lie used to recover rubidium mid cae- 
sium from any silicate ore. Ileat the finely ground mineral 
with CaCl ; and Nil/ '1, cool, and extract with water, Kvajs- 
orato, add IIjSO*, filter off (‘uHO*, and add Kil- 

ter and precipitate caesium-mi itoium cldoroplat mutes. 

Metallurgy. — Metallic ruliidiiiin may lie prepared in » variety 
of ways; (1) electrolysis of the fused chloride, ( 2 ) heating 
RbOH with aluminium or magnesium, (3) heating I{b,( ’( ), 
with carhon or magnesium, (-1 J heating Rh(‘l with mlritnn, 
(5) heating the tartrate to white heat. 

Properties. — Rubidium is a silvery white metal; soft and 
waxlike evert as low as - 1()°.() ; melts ut and boils ul tWWT 
giving a bluish vapor. It has greater affinity for oxygen than 
does potassium, since it. hikes fire spontaneously in the air, 
giving an oxide, probably a mixture nf Rb s O and ItbO,. If. 
reacts vigorously with water, yielding RhOH, The alum 1ms 
two isotopes of atomic weight X. r > and *7 which are found m 
proportion 3 : 1. 

Compounds of rubidium resemble those of potassium, with 
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which they ure isomorphturs. As a rule rubidium wilts arc 
more soluble than t hr ■ ennesponding potassium salts, Itiihid- 
inm shows st characteristic tendency to form complex salts 
with tins halogens, such as KlilMr*. and RblOR- 

The radioactivity of rubidium sails has been studied, 1 hut 
no difference in tin* intensity of the radioactivity is observable, 
in its salts of various ages. The penetration of the rays from 
rubidium is found to be intermediate Itetwcen the Beta rays 
from UXi and radium, the inlensily of lire rubidium rays being 
l. r > times greater than those from I X j . The half life |«*riod of 
rubidium is calculated to he 10" years, which is between one- 
third and onn-sevcntli that of potassium. 

Then? an? no caiumemid uses for rubidium. Its eoiupmmds 
find important use ns reagents in mirruehemistrv, where their 
ready ability to form crystalline compounds makes them of 
great value in this important and rapidly developing field. It 
is difficult to buy rubidium material on account of its scarcity. 
The older catalogues (M)ll Of) quoted rubidium metal at 
$1,50 $1.7') |>er quarter gram and Rid '1 at la rents per grain. 

Separation and Detection. Rubidium and etiesium ure bent separated 
from I, he. other iiwiiiImts of the alkali group by the greater insolubility of 
their fthium, eblori ist :i one ten ( M jS»( 'l ( i, or rldornplnt hint cs. (See Table XI.) 


Tauu. XI 

fialuhililwH nf Some Alkali Suits I IK) </. of Water at IT 0 


N.aAKSO,), • 12 11,0 

.51.0 g. 

X.ad'K'U 

30.77 g, 

KAK.SCb),* 12 11,0 

Id. 5 g. 

K-I'tCI# 

2.17 g, 

RbAKHOda ■ 12 11,0 

2.2 g. 

Rb,I*K ’!» 

0.20 g 

ChAI(H0<)-! . 12 114) 

(1(1 R. 

Csd’tCU 

0.1S g 


Rubidium and caesium may lsiscpn rated from each other by I he differences 
ill the solubilities of their nhnns or eldoroplat mates; bv the, formation of 
the more stable and less soluble rubidlOto acid tartrate; liy the solubility 
of C.'hjCOj in aliHoIiito nlenhol; bv the formation of the diflieultly soluble 
( 5(01,1 • C*,PhC\ or C Is^b/'t,, 

The quantitative estimation nf rubidium may lie necomplished by 
weighing assidfate, acid sulfate, ehlomplatinate, chloride, or |*•r^•hlf>rltte, , 
CumiMirison of the intensity of the spectrum lines with t how* from standard 
solutions gives a rapid and satisfactory determination of rubidium.* 

* 1’hyrik, Ztil. SO If H (1010), 

•Gooch and lUjike, Am, Jxur. Sri. Nov, J017, i>, ,'tst. 

* Gooch mid 1‘liinney, 44 (III) 3!>2 f IHUti) ; also Jour. Ini, and Bn g. Chtm. 
10 60 (Utl8), 
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Caesium 

Historical. — In 1840 C. F. l'l.it.tnf.r analyzed 1 tlin mineral pidbix nr 
pollucitc from the Isle i if Klim and was niystilinl l*y the fact. that the total 
constituents slimvet I 92.7") per cent. ( '.'ireful ware!) failed lo reveal any 
error in analysis or any constituents whirl) hail lni'ii fiverl-Hiked, and 
the matter remained a mystery until after the discovery of caesium, lit 
1804, Pisttni repeated 4 tlut analysts of the. same mineral and found that the 
alkali which Platt tier had called jiotassimn wtts in reality eaesitmi. When 
corrections are made for the differences in atomic, weights 1 'la I titer’s results 
arc found to ho quite accurate- This Lsn rctuurkulde trilnile to Phil tuer'ii 
skill and rcliuhility. 

In I860, Bunsen used the newly devised speetruseujie ia the exniiiinatimi 
of the mineral constituents of certain spring waters ttnd discovered two hhae 
lines of unknown origin, lie heroine etmvitieetl that they were ehurnrter- 
istic of a new alkali metal and lie jtrojHtsetl the ntiine eaesiutu, sky hhti*. 
This was the first metal discovered Ity inemis of the H|ieeirosen|w, which 
later revealed the presence of rubidium, thallium, indiatu, gallium, xever/d 
of the rare earth group, and all of the tinlilc gnses. The discovery of tmjh 
caesium and rubidium was impossihle withailt. the. nid of the specIroHeope 
because they are found in such small quantities and their resend dance 
to potassium is so striking thill, the. ordinary methods of analysis are nut 
effective. The sensitiveness of Hansen's spectroscope, is shown hv the 
fact that the water front which the eaesiutu lines were first, obtained did 
not contain more than 2 nr .'i grams per tan. and he was <Aim|tel!ed to evapo- 
rate 40 tons of the water in order to obtain enough caesium for study. 

Occurrence. — Caesium is widely distributed in nature almost 
always with the other alkalies and usually in very si mil I amounts, 
The mineral pollux or (xdliicitc, essentially II a ( ) • *2 ( '«•,( ) - 2 AM )*• 
9 Si0 2 , occurs sparingly on tint Isle of KHta arid in Maine. It 
contains about .'14 per rent ('s 3 0. Caesium is also futuid in 
small amounts in other minerals such as lepidolite and beryl ; 
in mineral waters, where it is almost always associated with 
large amounts of the other alkalies. It is also found in from* 
in many soils, but only a few plants, such as tnhueeo, almorh it. 

In the absence of potassium, eursium is a poison for linwt 
forms of plant life, 

Extraction ; Separation ; Detection, — See Rubidium. 

Metallurgy, — Metallic eaesiutu was first prepared in 1HN1 
by Setterberg, who used the electrolysis of a mixture of CsI'N 
and Ba(CN) 2 , The metal may also Ixs prepared by reducing 
CsOH with aluminium or magnesium; by heating (*s,(H)j 
with magnesium or OsCl with calcium. 

•Posa, Ann, 69 443 (1804), rend. SO 714 llxitt). 
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Properties, — Caesium is a silvery white metal when pure, 
but it is frequently golden yellow due to the presence of a small 
amount of oxide or nitride. It is one of the softest of the 
metals, its melting point being about 26.°5. It is the most 
electro-positive of all the metals. On exposure to air it gradu- 
ally melts owing to the lowering of its melting point by the im- 
purities formed in contact with the air. It finally bursts into 
flame, producing the oxide. When thrown upon water it floats 
in spite of its high specific gravity (1.87) and burns with red- 
dish-violet flame. 

Caesium and its compounds are more rare than rubidium. 
Salts of caesium are used as reagents in microchemistry. The 
metal was quoted (1911-13) at $1.75 to $2.25 per quarter gram 
and the chloride at 30 cents per gram, but the material is diffi- 
cult to obtain at almost any price. 

Does Eka-caesium exist? — Several considerations point to 
the possibility of the existence of an undiscovered alkali element, 
with atomic number 87 and an atomic weight of approximately 
224. Diligent search in caesium materials has been made 1 
for this missing element by fractionation of the nitrate, di- 
chloriodide, chloride, perchlorate, sulfate, and alums. In every 
case careful examination of the extreme portions of the mate- 
rial failed to reveal any indication of a new element. If such 
an element exists, it must belong very definitely to the radio- 
active series and it may have such a short life period that its 
detection becomes very difficult. 

Harkins 2 points out that of the known elements bismuth has 
the highest odd atomic number (83) except the radioactive de- 
scendants of uranium or thorium, whose half life periods, so 
far as they are known, are very short. The even atomic num- 
bers from 82 to 92 are represented fully and many of these ele- 
ments are very stable. It seems reasonable, therefore, to con- 
clude that the electron systems required for the atomic numbers 
85 and 87 are unstable and may not be able to exist at all. 

Compounds of Group I. — There is a general resemblance between the 
compounds of the elements of the alkali group. The chief distinctive 
features of the compounds of lithium, rubidium, and caesium have already 

> See Richards and Archibald, Proc. Am. Acad. 38 449 (1903) ; Gregory P. 
Baxter, Jour. Am. Chem. Soc. 37 286 (1915) and Dennis and WyckoS. ibid. 42 
985 (1920). 

2 Jour. Am. Chem. Soc. 42 1985 (1920). 
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been pointed out. The principal ootnpimnils of the group may lie briefly 
summarized aw follows: — 

All members of the group form several oxides and n surprising amount 
of uncertainty exists concerning tlieui. They probably all form the simple 
oxide MjO by three t. union of the elements, but. there is some doubt, in 
the case of rubidium. These oxides nnet with water forming *1«' >h:ir:tr- 
teristic liases MOff, whose strength increases with inerease in atomic 
weight. 

Peroxides of tho formula M a 0 2 are important in the ease of each element 
of the family except potassium, and KjO> may not even exist- 

Oxides of the formula Ml ) a an: reported in the ease of all t.ho elements 
of the family except lithium ond potassium. 

Mj0 4 erMO 3 art; important. oxides of potassium, rtibidittm, and caesium, 
but an oxide of this composition has not been recognized in the ruse of 
lithium nnd sodium. 

In adilition to the oxides already enumerated the following irregular 
oxides arc mentioned: NtijO, K t O, K»O s , 11/ ) <t K 4 C ),. Tbeir cxistenett is 
qtiitc uncertain. 

All form ettrbonalcs M a C0 3 and hicarbonutes NTIKlOj, 

All form the hydride 1 Mil by direct, union of the elements rd. some- 
what elevated temperatures; the hydrides with water give Mi H f | lf a ; 
the rubidium and caesium hydrithss tire unstable at ordinary temperatures. 

The alkali metids are capable of forming nitrides of the formula M»N 
as well as azoimides of the formula MNV The latter are best, eon side red 
as salts of hydrtteoic (triazuir) tieiil, ,\'d 1. AH metids of this group form 
amino compounds such as MN’IIj; metal aiuuuiiimitiM like MNflj are 
also charactcristir.. 

Each member of the family forms the simple salt, with each of the halo- 
gens. Potassium, rubidium, caesium, also form poly halides like Klj, 
KICI 4 , in whitdt the valence of the metals tip pears to be it or Ji. Abcgg 
mentions Cslj, and Wells and Wheeler 3 describe a lithium compound 
of the formula LiICl ( • \ fI 2 C). Caesium forms complex chlorides with 
gold, silver, zinc, copper mid mercury such ms <ist\nC*l fc <is«Ag,Aitjf '*lu, 
Cs ( ZnAujCl| 2 i etc. 

Chlorates, pe.ri:hlorates, bnimates, anil iodtit.es are important compounds, 

Carbides, M 2 C 2 , have Ixten prepared for the first three members of the 
family. The carbides react with water, giving C.'jllj and Mi )!!. 

Sulfur, phosphorus, and silicon farm many enmisiunds of the familiar 
types. 

1 Mdissao, Ctmjtt, n-nil. 136 SH7 OtKlS). 
s Zeit. anor(/. (,'hcm, 3 -•V< { I StH ) . 
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GROUP II — RADIUM, RADIOACTIVITY, 
MESOTHORIUM 

The elements which are found in Group II of the periodic 
table are easily divided into the A division including calcium, 
strontium, barium, and radium and the B division including 
zinc, cadmium, and mercury. This leaves 
both beryllium and magnesium as introduc- 
tory or “ typical ” elements. The relation- 
ship is shown in Fig. 5. All the members 
of this group are characteristically bivalent ; 
jn fact two is almost the only valence shown. 
The most important exception to this state- 
ment is in the case of the mercurous com- 
pounds, but it has been suggested that this 
exception is more apparent than real, since 
in the mercurous compounds we have reason 
to believe that the mercury atoms are in 
groups of two whose valence is two. Hence, 
Hg 2 Cl 2 not HgCl. The alkaline earth 
metals form monovalent compounds with 
the halogens, but these are obscure and 
somewhat doubtful. 

All the members of this group form oxides of the type MO and 
basic compounds M(OH) 2 . The latter are soluble in the case 
of A division metals and difficultly soluble in B division metals. 

The only elements of this group which may fairly be con- 
sidered rare are beryllium, radium, and mesothorium. The 
first named belongs distinctively to the B division and is dis- 
cussed in Chapter V. The present chapter is devoted to radium' 
and mesothorium, with a brief discussion of the phenomena of 
radioactivity. 

The metals of Division A are designated as alkaline earths 
because they are intermediate between the alkali metals of 
Group I and the " earths 11 of Group III. These metals oxi- 
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dizc readily in the air and deooni|xisi» Water at ordinary tem- 
peratures, liberating hydrogen, The oxides aiv markedly 
basic, with very high fusion points ;md such great sluliility that 
they were regarded as elements until 1807, when Davy showed 
them to he compounds of a metal and oxygen. They possess 
striking affinity for water, with which they combine to form 
hydroxides, the solubilities of which increase with increasing 
atomic weight of the metal. They also form peroxides, Mt)«, 
hydrides, and nitrides. The earls mates, chromates, phosphates, 
sulfates, and salts of many organic acids arc difficultly soluble 
in water, 

Radium is classed with the alkaline earth metals with which 
it properly belongs, although it shows some decided peculiari- 
ties. It is to bn observed that in nearly every ease that mem- 
ber of a family which falls in the last series of the periodic table 
has certain marked peculiarities, The physical properties of 
the members of this family are shown in Tallin XII . 

Ta 11 uk. XII 


Prnpcrlo'.H ii f thr. A Ikalitw. Karlh Afrtnfa 



l'\U fbM 

.Srmtvnuv 

lUftll M 


Atomic Wright, .... 

40.07 

.S7.011 

1117. .47 

220.0 

bjK'.cilic (T/tvit.y .... 

1.52 

2.r.f ( 

:t,7*. 


Atomic Volume .... 

20.4 

:ts.7 

ao.ii 

Almut .40 

Spocilic lleat 

0,1:12 


0.CH1S 


Melting i'oiut 

7X0” 

soo” 

xar 

A In nil 700“ 

Heat of Fornmtiou uf MO 





in Cal. ...... 

irti.il 

I.40.0X 

lao.iw 


Absolute Electric Potential 

2.4 

2.0 

2.0 



Radium anii Radioactivity 1 

Historical. — The phenomenon of radionclivily wits, dis- 
covered by Ilenri Bempiere! in who observed that the 

salts of uranium emit radiations whicli are capable of reducing 
the silver stilts of a photographic plate even when it is securely 
wrapped in black pajicr, This property was found to Is; cimr- 

> Soo R. A. Mlllikitn, Curio urlrlrom im " Tin- Hittuilinioro >,f Jin. Horn, " Mri. 
July 1, 1921, I aim. HI, the uti'trona .Hivorct :it flio J.fru'iil 'it it(i: of >1)0 Willurtl 
Gibbs Modal to Mum. Curio; Ch i««. m,H Mil. Kim. 14 I (.42 (iVUtt ; Ituwll, 
The Chemietry o/ the Uadumcluv .St. :v.<, Mnunillad ( mag). 
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acteristic of uranium whether it was in the form of the element 
or of any of its compounds. Becquerel also found that uranium 
had the power to discharge an electroscope and that the rate 
of discharge is an accurate measure of the amount of radio- 
active substance present. 

In studying the radioactivity of certain uranium minerals, 
P. and S. Curie found that the pitchblende residues from St. 
Joachimsthal, Bohemia, were more than three times as radio- 
active as uranium itself. This fact suggested the presence of 
a powerfully radioactive substance, and led to a thorough ex- 
amination of the residues. 

Pitchblende is one of the most fertile sources of radioactive material. 
Its composition varies widely, but it always contains an oxide of uranium, 
associated with oxides of other metals, especially copper, silver, and bis- 
muth; the Austrian mineral contains cobalt and nickel; the American, 
samples contain no cobalt or nickel but are largely associated with iron 
pyrites and arsenic ; zinc, manganese, and the rare earths are frequently 
present, while occasionally calcium, barium, aluminium, zirconium, tho- 
rium, columbium, and tantalum are reported. Dissolved gases, especially 
nitrogen and helium, are present in small proportions. 

From this mineral it was formerly customary to extract the uranium 
and discard the residue. The chemical study of such a complex mixture 
is an exceedingly difficult task, but by patient effort M. and Mme. Curie 
succeeded ’ in 1898 in separating two new radioactive substances to which, 
the names radium and polonium were applied. The latter is now com- 
monly called radium F. Later Debieme discovered 2 a third radioactive 
constituent of pitchblende residues and named the new substance actinium. 

The method of treatment consisted in effecting a concentration of some 
of the constituents of the residues and observing the radioactivity of the 
various portions into which the material was divided. It was observed 
that if barium was concentrated the radioactivity of that portion in- 
creased rapidly. From a ton of residues there may be prepared 10-20 
kilogra'ms of crude sulfate whose activity is about 60 times that of uranium. 
The Curies then converted the sulfates to chlorides and subjected the 
material to the process of fractional crystallization. After a number of 
crystallizations there was obtained in the most insoluble portion a fraction, 
of a gram of radium chloride which was a million times as active as uranium. 
One ton of pitchblende is said to contain 0.37 gram of radium, 0.00004= 
gram of polonium, 8 and a small amount of aetinium. 

In 1902, Geoffrey Martin suggested 4 that radioactive elements were 
gradually undergoing decomposition. This theory was greeted with ridi- 

» See Chem. News, 1903, for translation of thesis. 

2 Compt. rend. 129 593 (1899) ; 130 906 (1900) ; 136 446. 767 (1903). 

8 Marchwald obtained 3 milligrams of polonium from 15 tons of pitchblende, 

8 Chem. Neuia, 88 205 (1902), 
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culc at first, but within a year Rutherford nnil Six l<l,v wloptml this view 
and soon established it firmly through their cjaieh-iunking invest ig/tl inns. 
Radium emanation wins first reuognimaJ ns a gas in 1!)02 by Rutherford owl 
Soddy. The revolution, al fact thnt helium results from the disinlcgrn I niJi 
of radium atoms was first demonstrated hv Ritinsny ami Noddy in 
The position of the radioartivr elements in (he perindie table was extiib- 
lished liy the eombined work of b'njarts, Hiissell. Meek, and Noddy in the 
years 1013-lfi, thniugh the development, of the conception of isn topes. 

Occurrence. — Radium in widely distributed in nature, never 
in very concentrated form and usually in exceedingly minute 
quantities. The principal source of radium until recently was 
the Bohemian pitchblende from which radium was first ex- 
tracted. This is still the must ini|x>rtant stutree of rttilitint in 
Europe, but the curnotite ores of Colorado now produce a con- 
siderable proportion of the world's radium supply. 

All uranium ores contain radium and consequently may serve 
as a source t>f radium. Torbernite, a hydrated cupper omnium 
phosphate, and uutunitc, a hydrated calcium omnium phos- 
phate, are found in Portugal and Australia, from which con- 
siderable radium 1ms been extracted. There are apparently 
extensive deposits of low grade torbernite and autunile in 
New Mexico. 

In addition to its distribution in minute amounts in many 
rocks and minerals, radium is found in many mineral springs 1 
and in seawater. 

Mining and Concentration of Camotite,- Since curnotite is 
the world's most importunt source of radium, much interest 
attaches to its production. The main deposits now known 
are in the southwestern part of ( '(dorado and extending over 
into Utah. The deposits arc scattering, varying greatly in 
thickness, extent, and purity of the. ore. The curnotite is usu- 
ally deposited in sandstone, iijxjrt which il forms amorphous 
incrustations replacing the original cement. The color of the 
high-grade camotite is a rich canary yellow, the lower grades 
having various shades of yellow, orange, brawn, green, or black. 
The ore frequently crofts out along the cliffs or canyon walls, 
and even if the, outcrop is low-grade ore it may lead to n pocket 
of rich ore, 


* Skinner and Halo, " Radioactivity of Water," Jour. Inti, amt 
U 049 (1922). 

8 See Bureau of Mine# liatldin. I OS (I9t7), 


ft’oj;. Chrm, 
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In some localities open mining is used ; in the gulleys small 
tunnels are commonly used and occasionally shallow shafts 
are sunk. The ore is loosened by blasting, and sorted into 
waste, low grade or milling ore, and high grade shipping ore. 
The sorting is a difficult matter and requires long experience 
and keen judgment. Doubtful specimens are tested with an 
electroscope for their uranium content. The high grade ore 
is placed in small canvas sacks, in order to save the fine por- 
tions, which are frequently very rich material. 

The low grade ore, which contains about 0.8 per cent U 3 0 8 , 
is sent to the concentrating mills, where it is concentrated to 
about 3 per cent UsOg. The concentration of the carnotite 
involves the separation of the binder from the grains of sand. 
This is done by coarse grinding (80-100 mesh) and separation 
of the fine particles by either the dry or wet process. In the 
dry method the ground ore is run through a special attrition 
apparatus whose function is to rub off the carnotite adhering 
to the grains of sand. Then the fine particles are removed 
by suction. In the wet method of concentration, the ground 
ore is elutriated to remove as much adhering carnotite as possi- 
ble. Then the material is thoroughly agitated with water and 
allowed to settle. Finally the slimes are drawn off and the pro- 
cess repeated as long as necessary. 

Extraction. 1 — Many methods have been proposed for treat- 
ing carnotite ores ; they are of three general types — those using 
(1) an acid leach, (2) an alkaline leach, or (3) fusion methods. 
Of the acid methods the following are used : (a) Hot strong 
sulfuric acid dissolves from the ore uranium, vanadium, copper, 
barium, and radium ; when the extract is diluted to 10 per cent 
free acid the impure radium-barium sulfate precipitates. The 
precipitate may be boiled with Na 2 C 03 and the radium-barium 
leached out with HC1. This method requires much labor and 
the cost is high. (6) Hydrochloric acid leaches out the radium 
and barium, which are precipitated by partially neutralizing 
the acid and adding a sulfate. 2 The acid used should be prac- 

1 See "Extraction and Recovery of Radium, Uranium, and Vanadium from 
Carnotite," Bulletin 104, Bureau of Mines •, also H. D. d' Aguiar, “ Radium Pro- 
duction in America,'' Chem. and Met. Eng. 35 825, 877 (1921) and the comments 
on the latter by S. C. Lind. ibid. 26 1012 (1922). 

* See F. E. E. Germane, " Adsorption of Radium by BaSO,,” Jour, Am. 
Chem. Soc. 43 615 (1921), 
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tically free from sulfuric acid. This method will give nit 80 b() 
per cent extraction if tint ore is free front sulfates; I tut. since 
gypsum is frequently found in eurnotite ores the ext ruction in 
some ores is ns low :ts 40-50 per cent. <c) The ltureuti of 
Mines recommends the use of nitric ueid, which dissolves prac- 
tically all valuable constituents of the ore. The excess arid is 
neutralized by NaOTI suit] then Ibid, :utd ll-SO* are added. 
The sulfates are reduced with carbon, dissolved in 1I< 'I, and 
the radium-barium chlorides subjected to fractional crystalliza- 
tion. This method extracts !)(! per cent of the radium, nearly 
all the uranium, bat leaves considerable vanadium in the resi- 
due. The cost of thi> acid would be prohibitive, except, for the 
fact that NaNOa is crystallized front the final liquors. In ibis 
way the actual consumption of nitric acid is small. The great, 
advantage claimed for the nitric acid method is the eilieieney 
in the recovery of radium, 

In the methods using an alkaline loach the ore is boiled either 
with sodium carbonate which extracts a considerable portion 
of both vanadium and uranium, or with sodium hydroxide 
which removes vanadium only. Radium may then be ex- 
tracted with IICl, after which the remaining uranium and 
vanadium may bo reclaimed. This method extracts the valu- 
able constituents of the ore, hut much difficulty is experienced 
in filtering the IICl solution because the liberated silicic arid 
clogs the filtering medium, 

Two general fusion methods are used ; (a) Fusion with sodium 
sulfate, used by the Austrian (invermncnl, in treating pitch- 
blende ores, but cannot lie used with American enrnolile, 
(b) Fusion with Na/'(),i brings the uranium, vanadium, and 
silica into, soluble! form. From the insoluble residue ){(!] 
extracts the radium and barium in the form of chlorides. 

As the richer ores become more and more difficult to obtain 
greater attention is naturally directed to extraction methods 
which are efficient in dealing with low grade ores, t \ method 1 
which is said to give 83 per cent, extraction from entrant itc or 
autunito containing no more than 5.0 X 10 1 jut cent of radium, 
consists in sintering the ore with Nad or CaCl, with the addi- 
tion of CaCOj. After cooling, the mixture is ground coarsely 
and leached with HC1; then II, SO, and BaCl, are added. Tim 
'Ebtar und Van ICtiyn, Z. anytw, (’Atm. 84 477 ( 15121). 
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radium-barium stdfate is obtained as a milky suspension free 
from quartz, thereby reducing I he balk of the material to 7 |ht 
cent uf the origin: »1 ore. 

The recovery of radium from Imuiniins paints is possible 1 
by dissolving the radium salts and precipitating radium-barium 
sulfate in the usual way. The? loss during recovery is about 
1 per cent. 

Purification. - The extraction methods yield a mixture of 
radium and barium chlorides or sulfates. If sulfates are oI>- 
tained, th<'y are reduced to the sulfides by mixing with charcoal 
and heating to about KOtf ; or ehangeil to carbonates by boil- 
ing with Nagl *< ).•>. 

The sulfides or carbonates an' ground dissolved in Ilf'l ami 
the chlorides subjected to fractional crystallization, Radium 
chloride is less soluble than barium chloride and consequently 
the former collects in tin- less soluble portion of the series. 
Other impurities, such us iron, aluminium, and vanadium, also 
collect at the soluble end and consequently give no trouble in 
radium concentration. Is'ad if present is particularly trouble- 
some. Some lead is removed :i.s chloride and some as sulfide, 
hut tin* solubility of these salts and of the sulfoclduride, 
(PIxS), - PliCIls, in iu: id prevents its complete removal from 
strongly acid solution. It is completely removed by making 
the fractions alkaline with ammonia and saturating with I 
The loss uf radium during this oja-ration has Iwen shown to In: 
not over 0.2 jkt c<*nt. 

After fractionating for a time ns chloride, it is found advan- 
tageous to continue the process us bromides, which produces 
a more rapid concentration of radium. 3 The cuiivershm to 
bromides isacemnplished by preeipilal iugtlie radium and barium 
with armnonium carbonate and dissolving tin* precipitate in 
hyilrobromic acid. Crystallization of the bromides is liest 
carried out in silica ware, After Kb 12 crystallizations as bro- 
mide the least soluble fraction, which should contain 1-1 |x>r 
cent radium hromide, is thoroughly dried and scaled in a glass 
tul>e. Tim radium content may be determined by the gamma 
ray measurement. 

After obtaining a number of tulx-s in this manner, their 

' A, O. Fritwis, J. Snr. Chtm. hut. 41 !H IWi'i), 

* <•'. K, Hclsill. Jtutr. Am. ('hem. .Sue. 4S SSS> < 1 O'M) . 
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contents arc put together and tin* higher fractional ion carried 
out in tlie same manner. By :t repetition of this process, ra- 
dium material of a high degree of purity may lie olil ained. 

Various modifications of the.se methods have Been made, 
such as the fractionation of the hydroxides 1 and of the iodides,"' 

Supply of Radium. — It is estimated that the total amount 
of extracted radium in the world is about 5 ounces. To this 
supply there is being added, during normal times, roughly about 
an ounce each year. But since the production of this amount 
of radium requires the mining of ahont. (1000 tons of ore, seri- 
ous concern has been felt for the future supply of this element, 
The deposits of Europe are already showing signs of exhaus- 
tion, and the Bureau of Mines estimates that the < 'olorado ore 
now in sight will not produce more than ISO grams of radium. 
Others arc more optimistic and place the total yield of the 
Colorado deposits as high as 1)00 grams of the element. It is 
worthy of note also that new dc|xisits are being discovered and 
it is quite possible that new supplies of ore and more efficient 
methods of extraction will cause the output to increase ml her 
than decrease. Careful economy in the use of radium is nec- 
essary in spite of the most optimistic reports, however, 

During the war the increased demand for radium stimulated 
production enormously. With the signing of the armistice 
there came a greatly decreased demand, consequently radium 
production slowed up enusideralily, until the stork on hand was 
used up. Toward the close of If) 1!> the radium industry re- 
vived appreciably and during 1020 the total production of ra- 
dium amounted to approximately 25 grains of the element.* 
This is the largest output of any year and is only slightly less 
than the total produced up to dab* from Hurojieiui ores. 

New deposits of omnium-radium ores arc reported from 
Lusk, Wyoming, in Grant Comity, New Mexico, and near 
Georgian Bay, Out, 4 The former is lieing develop'd, yielding 
an ore containing up to 1.5 fx*r cent Uj) H , A new deposit of 
rich radium-uranium ore is rc|>orted at Juchymor, Bohemia, 
which is said to contain sufficient, ore for 20 years, A large* 

1 MfiCoy, V. H. Pat. J.ltM.fiOfl, Jnly 14, 1*1 M. 

2 IIi)i>kilm mol Itlllili*. Sr It. Sri. and Stall, . 23 7.TJ ( HCJ'Jj j /W tit. Slate 
Ac, cut. of Sci. I (12 1. 

3 R. B. Kng, nail St in. Jt„tr, 111 if, | < I'l'Jli , 

4 Ann. Hr. port Out. liar. Mini n, 38 'll, 
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and particularly rich deposit of pitchblende has recently been 
discovered at Katanga, Belgian Congo. 1 

The price of carnotite ore is considerably higher than two or 
three years ago, not only on account of increased demand for 
radium, but also because of the steadily growing demand for 
vanadium in the steel trade. The steel industry is also showing 
increasing interest in uranium. 

The price of radium has shown considerable fluctuation within 
the past few years. During the war radium salts of high grade, 
with a purity of 50 per cent or better, sold as high as $125 per 
milligram of the element. During the early spring of 1920 
one sale of over 2 grams was made at $89,000 per gram of ele- 
ment. Later in the year the price rose to $110-1120 per milli- 
gram, with a slowly rising market. In December, 1922, the 
price had fallen to $70,00 per milligram owing to the rich de- 
posits in the Belgian Congo. 

Metallurgy. — Metallic radium was prepared by Mme. Curie 
and Debieme 2 by the electrolysis of radium chloride, using a 
platinum-iridium anode and a mercury cathode. The radium 
was collected as an amalgam which was heated in an atmosphere 
of hydrogen until the mercury was distilled off. Its properties 
have not all been determined. It is to be expected that the 
metallurgy of radium would present particular difficulties, not 
only on account of the scarcity of the material and difficulties 
in preparing its pure salts, but also on account of the fact that 
the difficulties in reduction of the alkaline earth metals increase 
with atomic weight. Metallic calcium is expensive, metallic 
strontium is rare, and pure metallic barium has never been pre- 
pared. Consequently, the production of any metallic radium 
is a distinct triumph. 

Properties, — Radium is a white metal, with a melting point 
of about 700°. It blackens rapidly in the air due to the forma- 
tion of the nitride. It chars paper, and reacts readily with 
water, forming the hydroxide. It dissolves easily in HC1. The 
element displays all the phenomena of radioactivity which are 
characteristic of its salts. On this account it is customary to 
speak of the amount of radium element present in a compound 

1 One ton of ore is said to contain 120 mg, of radium; BuU. aoc. chim. belg. 
30 219 (1921). 

2 Compt. rend. 161 523 (1910). 
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and disregard the presence <if the elements with which it is in 
combination. 

In addition t.o the properties which relate radium to the 
alkaline earth metals, it is distinguished from them strikingly 
by possessing tin; properties nf a radioactive substance. ') his 
means that both the element and its compounds continuously 
emit the penetrating rays which Iteequeirl observed first in 
substances containing uranium. The emission of these rays 
is a permanent and abiding property of radioactive atoms and 
the radiation is independent of light , temperature, pressure, and 
all other physical conditions. No indication of change in the 
rate of radiation has been detected, although the phenomena 
have been observed between temperatures of 2<KN)”«ud -■ 2' 10" < *. 
Since all purely chemical phenomena urn influenced by physical 
conditions, it is necessary to conclude that, radioactivity is not 
an ordinary chemical phenomenon, hut is due to changes within 
the atom itself. These intra-atomic changes are possible be- 
cause of the very complex nature of the radioactive atoms and 
are caused by the fact that within it given interval of time a 
definite proportion of the atoms breaks up or disintegrates, 
with the expulsion of radioactive influences, h is now recog- 
nized that tiro seat of the explosion which results in disintegra- 
tion of the atom is in the nucleus, hut the cause is unknown. 
In a given interval of time a definite proportion of the atoms of 
a radioactive element, explodes, exjsdling part of the original 
atom anil leaving behind an atom with new properties. 

In addition to the influence on the photographic plate nod 
the, discharge of the electroscope, radioactive substances have 
certain very striking effects. They render diamonds, rubies, 
fluorspar, and zinc sulfide brilliantly phosphorescent. They pro- 
duce severe hums on the flesh and kill lower animals ; they coagu- 
late proteid; transform oxygen into ozone ; form hydrogen 
peroxide, anti decompose water slowly hut continuously ; they 
change yellow phosphorus into red ; reduce mercuric salts to 
mercurous, and ferric to ferrous ; they decompose iodoform, 
potassium bromide, hydrogen sulfide, carbon dioxide, and other 
compounds. 

Three distinct tyfies of radiations are recognized. The 
Alphu particles are positively charged, are projected uf varying 
velocities from different atoms, but of the order nf the 
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velocity (if light. They him- low irenot rating power, so never 
travel far from their source, 1 ml they are the main cause of phoH- 
liliorrsreiiec. They have a mass of four mid an* known tn lie 
helium atoms each carrying two positive charges of electricity. 
They comprise alaml 00 per cent of the radiation from radium. 
They arc distinguished liy the following characteristics: They 
am ahsorlx-d hy 10 cm. (if air or 0. 1 mm. of metallic aluminium ; 
they show a positive delleet ion in a magnetic field; they pro- 
duce ionization of a gas, and affect a hare photographic plate 
t[iiif(» strongly, though their low penetrating power does not 
cnalde them to affect a plate which is wrapjied in pu|>cr, The 
lida particles are negatively charged and are shot olT at Ve- 
locities varying from '20 to !)!) js-r cent of the Velocity of light. 
They correspond to the cathode rays which arc produced hy a 
vueinim tiilic discharge, and are considered streams of negatively 
charged electrons. Their smaller size and higher velocity give 
them greater penetrating power than the alpha particles. They 
urc aide to penetrate ns much as three milliiuclers of aluminium. 
They comprise about nine |s*r cent of the radium radiations, 
'They are distinguished from the other forms of radiation hy the 
fact that they are abxorlrcd in a thick sheet of aluminhnii, 
that they show a marked negative deflection in the magnetic, 
field, that they arc highly effective in producing ionization, fluo- 
rescence, and photographic efTec Is. Tli ck’nmwri radial inns differ 
from the nlpha and heln in that they are not influenced hy a 
powerful magnetic field, They have tremendous jrenetrating 
power, as they have Ireo.n known to pass through 20 centimeters 
of lend. Since a solid has the power of ahsorhing gumma rays 
indirect proportion to its density, a sheet of aluminium must lio 
five times as thick as lead in order to produce the same ahsnrp- 
tion. The gamma rays arc* not material substance at nil, hut 
pulsations similar to Ftdntgcri rays, They are vibrations of 
very short, wnv<* length. 

Thus it is seen that a radioactive substance is continuously 
omitting a tremendous amount nf energy, One gram of radium 
evolves energy equivalent to 1 1S calories jht hour — more 
than enough tn raise its own weight of water from 0“ to HKf, 
During tin* half life ireriod this represents 2irO,()00 times us 
much energy as is obtainable by burning an equal weight of 
coal. 
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At the present time there are recognized about 35 distinctly 
different elements which emit radiations. At first it was diffi- 
cult to locate so many elements in the periodic system, but the 
difficulty was solved when it was recognized that atomic num- 
bers, not atomic weights, are the fundamental characteristics of 
the elements. So the theory of isotopes explains how several 
elements may occupy the same position in the periodic table. 

These radioactive elements differ among themselves both in 
the rate at which they emit radiations and in the type of radia- 
tion. Some elements emit alpha rays only, others emit beta 
rays, while a few elements appear to emit both. Since both 
the alpha and beta rays are made up of electrons, it is evident 
that when an atom loses either an alpha or a beta particle the 
residue is different from the mother atom. If an alpha particle 
is lost, the atomic weight is decreased by 4 and the residue must 
take a position in the periodic table two spaces to the left. If 
a beta particle is lost the atomic weight is not appreciably 
changed, but the loss of an electron changes the chemical na- 
ture of the residue, which moves one space to the right but re- 
tains its former atomic weight. Thus the disintegration of 
the parent element produces a radioactive element which 
becomes in turn the parent of another product. So a whole 
series of elements arises from a single primary radioactive 
body. Three such series are recognized, usually called the 
uranium, thorium, and actinium series. There is reason for 
believing that the actinium series is in some way related to 
uranium, probably through a branch chain from uranium II. 
(See Table XIII B.) Both uranium and thorium are con- 
sidered primary radio elements, since neither is the product of 
the disintegration of any known element. 

The relationship between the members of these series may be 
better understood by studying a few members of one of the 
series. Uranium, the parent substance of its series, has an 
atomic weight 238, but its atoms are not permanently stable. 
In any second of time one atom out of each 10 18 explodes and 
emits an alpha particle which is a charged helium atom, 
The residue accordingly has an atomic weight 234, and its 
properties show that it is a different element. This substance 
is called uranium X t , and its chemical properties are identical 
with those of thorium, from which it differs in mass alone. 
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The atoms of uranium Xi arc likewise unstable, and during 
each second one atom in every 10 7 disintegrates, expelling a 
beta particle. This forms other new atoms which have the 
same mass as those of uranium X b but differ from them in 
chemical behavior. These new atoms comprise the element 
uranium X 2 . But the atoms of this element represent a very 
unstable foim and one atom per hundred explodes each second, 
liberating another beta particle and forming atoms of the ele- 
ment uranium II, an isobar of uranium X b and uranium X 2 , 
and an isotope of the parent, uranium. Uranium II loses an 
alpha particle, producing ionium, of atomic weight 230, isotope 
of uranium X b This process continues until a stable atomic 
structure is reached, when the series ends. 

If the atoms of the radioactive elements continue to “ shoot 
themselves to pieces ” by throwing out radiations and forming 
new elements, it is evident that in time any given sample of 
an element will disappear. Since the rate of radiation differs 
in different elements it is evident also that some elements will 
disappear more quickly than others. The rate of disintegration 
for the various elements has been studied and is usually expressed 
in the time required for any sample of an element to disinte- 
grate to half value. This is called the half life period. Table 
XIII shows the three disintegration series, the atomic weight of 
each element, 1 the radiation which it emits, the half life period 
and the most common substance which is isotopic with the 
product. The atomic weights shown in heavy type have been 
determined experimentally. 

Table XIV shows the position in the periodic table of the prin- 
cipal members of the three series. By starting with the parent 
element of each series and following the dotted arrows it is 
possible to trace the series through to the end. Atomic weights 
are shown under each symbol and the atomic number of each 
group of isotopes is given in parenthesis. 

In several places in these series an unstable arrangement 
seems to give two disintegration products, due to the fact that 
some atoms expel an alpha particle while at the same time other 
atoms give off a beta particle. This gives rise to the branch 
series, the more important of which are shown in Table XIII D. 

1 In the actinium aeries atomic numbers are given because the atomic 
weights are uncertain. 




sms 





72 


OIIOUI' I) — KADII "M, .MKKtiTlKlimi.M 


It in to he noted tiint the brunch series usually n 'presents only 
a very small i»r**iKirti* m of the atoms ami dial these quickly 
rnvert. to stable alums. In the ease of l- it is possible ihat 
the branch series limy give rise fu die actinium series, 1ml. 
this is not yet definitely established, 

The finiil product of esielt series is im isotoiie of lend. But 
according to the theory lead from radioactive sourees should he 
exactly likf ordinary lead except that it should ditTer from it in 
mass. A reniarkal»lr confirmation of tin* theory mines from 
the fart, that lead from radionetive minerals has hern found 1 
to have a different atomic weight from thnl shown hy ordinary 
lead. The values (meek remarkably well with those required 
hy the theories. 

Another confirmation of the theories of radioactivity comes 
from the discovery " of tin* element protoaetininni. Actinium 
was fora time considered the primary radio-element of its series, 
lmt it was recognized that it might he tin* deeoiu posit ion prod- 
uct of an unknown parent, if such n parent substance (*xists 
it. must produce aetinimn hy the loss of either n I «*t n particle 
or an nlpha particle. If the former takes place, then die par- 
ent would have art atomic unrulier HK, atomic weight 2'iti, and 
must fall in (‘roup 11 and lx* nit isotope of radium, fsiich a 
substance would Ik* indistinguishable from radium itself, If, 
on the other lumd, actinium is formed from its parent hy the 
loss of an alpha particle, then the mother substance should 
have an atomic manlier 91 and should hear the same relation- 
ship to tantalum that radium lm»rs to lniritun. Hence tan- 
talum salts might he used to concent rate the element . When 
soluble) tantalum salts were first added to pifchhlende residues, 
then extracted and purified, it was found that they had become 
radioactive and that, the radioactive element extracted in this 
way yielded actinium on disintegration. The new element has 
!>cen named protoactiniurn (or protactinium), Pa, atomic weight 
230 and atomic number 91, It, in turn, may Is* the disintegra- 
tion product of uranium. (See Tables XIII and XIV.) 

Ah soon us the fact was established that radium disintegrates, 

' Bodily ntiii Hymitn, Prnc, Chrm, .Hoc. SO 131 (1914) ; T. VV, Hirlmnl" mill 
hi* co-wiirkiT*. Jnur, Am, Chrm. .Hnr, 36 1.12(1 f 10141 ; SS 221 , UW5H, 201.2 ( KUO) ; 
39/531 (11117) ; 401403(1001) ; 4S 13/10 ( 1020) ; Summitry, Smilhj<nninn Htpart, 
lOtK. p. 200. 

• Haim uud Moitucr, Phytik Ztil. 19 208 (1918) and 10 127 (1019). 
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yielding niton and helium, the question arose : “ Shall radium 
be considered as an element or as a compound of niton and 
helium?” The general belief now is that radium is to be con- 
sidered an element and that its disintegration is a phenomenon 
entirely different from chemical decomposition. The reasons 
for this belief are as follows : — 

(1) Radium has a spectrum which resembles that of an ele- 
ment rather than that of a compound. 

(2) While the radium atoms are intact they obey the same 
laws as other atoms, such as the laws of definite and multiple 
proportion. 

(3) The rate of disintegration is independent of all physical 
conditions, (See pages 65-67.) 

(4) The disintegration of radium is accompanied by the 
emission of particles, a fact which is not duplicated in a single 
purely chemical reaction. 

(5) The evolution of heat during the disintegration of radium 
is vastly greater than during any known chemical change, 

(6) The disintegration of the radium atom is independent of 
the chemical combination in which it is placed, and proceeds 
at the same rate whether the atom is in the metallic state or in 
combination as a halide, carbonate, sulfate, etc. 

Consequently, the decay of radioactive atoms is considered a 
phenomenon which is produced by forces within the atom itself, 
and is quite a different type of behavior from the disruption of 
a molecule of a compound. 

If the theory of the degradation of radioactive elements is 
correct, then radium is a product of the disintegation of ura- 
nium, and the former should always be present in ores of the 
latter, This is found. to be the case. Moreover since uranium 
yields radium and radium in turn disintegrates giving other 
radioactive elements, a balance 1 must be established and there 
should be a definite ratio between the amounts of uranium anil 
radium in their ores. The ratio between the two elements in 
various samples of pitchblende has been shown to be constant, 2 
but for a considerable time it was supposed that the ratio in 

1 It must be observed that this is not an equilibrium in the usual sense, since 
the reactions involved arc not reversible. 

2 See Boltwood, Am. Jour. Sci. 18 (iv) 97 (1904); Gleditsoh, Le Radium, 
8 256 (1911) ; Pirret and Soddy, Phil. Mag. 21 (vi) 662 (1911) ; Marckwaid and 
Russell, Ber. 44 777 (1911). 
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camotite was not the same as that in pitchblende. But a 
careful study 1 of the radium-uranium ratio in carnotite ores 
has shown that the ratio is 3.33 X 10 -7 , which is identical 
with that found in pitchblende. This is a splendid confirma- 
tion of the truth of the theory. 

A study of Tables XIII and XIV" makes clear the signifi- 
cance of the terms isotope (meaning the same place) and iso- 
bar (meaning the same weight). Isotopes are elements occu- 
pying the same position in the periodic table with the same 
chemical and physical properties except mass as, for example, 
Thorium (232) and Ionium (230), both with atomic number 
90. Isobars are elements occupying different positions in the 
periodic table, having different valences and different chemical 
properties, but the same atomic weights, e.g. Thorium B (212) 
in Group IV, resembling lead, and Thorium C (212) in Group 
V, isotope of bismuth. It is evident that the change of an ele- 
ment into its isotope involves a change in atomic weight, whereas 
the transmutation of an element into its isobar involves a change 
in properties. The latter is produced by the loss of a beta 
particle, a negative electron, from each atom. Is this trans- 
formation unique among radioactive elements or do we have 
analogies among the common elements ? 

To answer this question consider 2 the relationship between 
ferrous and ferric iron. These two forms of iron have the 
same atomic weight and they differ in valence, chemical prop- 
erties (one resembling magnesium and the other aluminium), 
and in absorption spectra. We may change a ferrous salt to a 
ferric by the removal of a negative charge or electron. So 
ferrous and ferric iron appear to be isobars. But there is one 
very essential difference to be kept in mind, The change of 
ferrous to ferric is easily reversible and wholly within laboratory 
control, while the change of a radioactive element into its iso- 
bar is spontaneous and so far as we know now quite irrever- 
sible. It seems quite reasonable to assume that in one case 
the radiated electron comes from the outer ring of the atomic 
structure, and in the other case it comes from the nucleus of 
the atom. 

> Lind and WhittemOre, Bur. of Mines Technic. Paper 88 (1915)* 

2 See Stewart, Recent Advances in Inorganic Chemistry, 
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Radium 

Uses. — Radium compounds find a limited use in such in- 
struments as the spinthariscope, Fig. 6, and Strutt’s radium 
clock. The latter is an electroscope so arranged that the leaves 
are alternately charged by radium and discharged 
by grounding. It is a curious contrivance which 
transforms the radiating energy of radium into 
motion which approaches perpetual. (SeeFig. 7.) 

The two most important commercial uses for 
radium compounds at present are in medicine 
and in the manufacture of luminous paint. 

The use of radium in medicine depends upon 
its ability to check the growth of animal cells. 

It has been found to be efficient in the cure of 
surface cancer, warts, lupus, and ulcers. The 
penetrating gamma rays check the progress of such undesirable 
growths. Radium has recently been used for 
the bloodless “removal” of tonsils. It is 
also claimed that the emanation of radium 
(niton) relieves gout, rheumatism, and di- 
abetes, because it increases the excretion of 
uric acid. It is administered either by in- 
halation or by drinking its solution. 

Many conflicting statements are made by 
medical men concerning the efficiency and 
safety of radium treatment for cancer. It is 
probable that many of the failures have re- 
sulted from the use of too little radium or 
from lack of skill in its use. It seems certain 
that radium treatment has been wonderfully 
successful in curing certain types of cancer. 
Its use for this purpose is increasing rapidly. 
On account of the high cost of the material 
other sources of gamma radiation have been 
used, such as mesothorium, radiothorium, and 
radium emanation. Since the latter is the 
most concentrated, it is the most effective. 
Although the emanation deteriorates rapidly, on account of the 
intensity of its action and relative low cost it is being used 




Fig. 6. — Spin* 
thariscope 
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with increasing frequency. Sn important do medical men 
consider this use of radium material that I hey have de- 
manded legislation forbidding the use of radium for luminous 
paints. 

The. use of radium in self-huitininis paints di*|wnds on the 
fact that when the alpha particles with their appreciable m»>- 
ninnfum strike some specially prepared zinc sulfide crystals a 
glow is produced. The material is prepared by mixing a ra- 
tlimn salt, usually the neutral ehloride or bromide solution. with 
the phosphorescent zinc snltide and drying in the dark. Then 
a i taste is made with varnish and some solvent like amyl slenhol, 
cure being taken not to destroy the crystalline slrueliire of the 
zinc sulfide. The mixture is applied with a brush, after which 
it. is dried and a protective coating of while shellac added. The 
latter lengthens the lift* of the paint but lowers its luminosity, 
probably by interfering with the alpha radio I ion, The amount 
of milium used iH exceedingly small. The British Admiralty 
specified for its wur-fiine use 0,1 milligram of iiultr* |>er gram of 
Jjii.S, In the United States a smaller proportion of radium is 
used, generally from 0.1 to 0.2a milligram of tin* element per 
gram of ZuH, Where lmv luminosity and long life are desired, 
as little, as 0.01 milligram of radium is used fur a gram of JIiiS. 
The statement, is made that a luminous watch dial contains 
from 10 to 20 cents' worth of radium. 

The degree of bright ness of such luminous surfaces lias Inert 
determined as of thi* aider of 10 microea miles js-r square centi- 
meter. This may !*• <*nmjwn , <l roughly to the brilliancy of a 
piece of white paper illuminuted hv the light of the full moon. 
When the fwiint. is first prepared, its brightness increases rather 
rapidly for 10 20 days, then it diminishes grudually for a much 
longer period, after which the luminosity remains almost con- 
stant for several years. The final exhaustion of the jaunt may 
1st caused either by the failure of tin* radioactive principle 
or of the zinc sulfide. The milium seems to Is* able to |>m- 
duee luminosity for a long [s-riod of years, so the zinc sulfide 
crystals are exhaust cd first and tierome inrapnble of respond- 
ing to the alpha bombardment. This exhaustion occurs more 
rapidly when the per cent of radium is larger. Thus the lu- 
minous paint prepared under the specifications of the British 
Admiralty loses half its brilliancy in a year, while the American 
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paints, which are less luminous at first, do not deteriorate to 
half value in less than 4 or 5 years. 

The luminous paint industry received a tremendous stimula- 
tion during the war. Not only was the luminous watch dial a 
great convenience, but instruments which could be quickly and 
accurately read at night became an absolute necessity in the 
navy, in the air service, and wherever an ordinary light could 
not be used, It is said that a single airplane, equipped for 
night flying, required nine different instruments with luminous 
dials. One American firm claims to have sensitized over a half 
million dials for the United States Government. The consump- 
tion of radium for this purpose was at one time as much as 500 
milligrams per month. 

After the war-time demand had ceased, other applications of 
the paint were made and quickly became popular. Now, in 
addition to watch and clock dials, luminous paint is used to 
mark street signs, door plates, push buttons, or almost anything 
that may need to be located in the dark. The amount of 
radium used in this manner has been enough to cause serious 
concern in regard to the future supply, but the largest use of 
radium at present is in treating cancer. 

Attempts are being made to improve the color of precious 
stones by radium treatment ; in some cases the treatment has 
been successful, but in other cases injury has resulted. 

Compounds. — Not many of the compounds of radium have been 
studied carefully, owing to the scarcity of the material. They resemble 
quite closely the analogous barium compounds. Their peculiar nature is 
shown by the fact that they are always somewhat warmer than their sur- 
roundings, due to the considerable heat which they are continually radiating. 
Radium salts produce a carmine color in the flame. The principal salts 
are as follows : — 

Radium chloride, RaCl 2 or RaCl 2 • 2H 2 0, forms colorless crystals when 
pure ; but when barium is present the color is yellow or pink. It is some- 
what less soluble in water and hydrochloric acid than is BaCl 2 , with which 
it is isomorphous. 

Radium bromide, RaBr 2 or RaBr 2 • 2H 2 0, is the salt most commonly 
used in purifying radium material. It gives off bromine in the air, forming 
the hydroxide. 

Radium hydroxide, Ra(OH) 2 , is also used in purifying radium. It is 
strongly basic, absorbing carbon dioxide from the air. 

Radium carbonate, RaCOs, is insoluble like the alkaline earth carbonates 
and is precipitated by adding (NH<) 2 C0 8 to the solution of a radium salt. 
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Radium sulfate, RaSO t , is less soluble than BaSO,, the two being com- 
monly precipitated together. 

Radium nitrate, RafNOsb, is soluble and is formed by dissolving the 
carbonate in HN0 3 . 

Detection and Estimation. — The detection of radium may 
be made by its effect upon the photographic plate. In testing 
ores the length of exposure necessary to obtain 
a given result may be nsed in a roughly quanti- 
tative fashion. The discharge of the spectro- 
scope is a sensitive test for radium and may be 
used quantitatively by observing the time and dis- 
tance at which discharge is produced. ' The radio- 
scope, Fig. 8, is an instrument arranged to detect 
radium emanation by its effect upon phosphores- 
cent zinc sulfide. The emanation is released by 

Fig. 8. — previously shaking the finely ground ore with 
Radioscope water. 

The quantitative determination of radium may be made in a number of 
ways, 1 the method selected being determined by the nature of the material 
to be analyzed and the degree of accuracy required. 

The alpha-ray method consists in comparing the surface radiation of 
the sample with that of an equal surface of it standard. The method is 
simple, rapid, and suitable to low-grado material, but is not capable of 
great accuracy. 

The gamma>ray method compares the rate of discharge of the electro- 
scope as shown by the sample and a standard salt. This method is simple 
and capable of an accuracy of 0.3 per cent. It is best adapted to the 
analysis of solids comparatively rich in radium, but may be used for material 
which contains 10 -10 grams of radium per gram of material. 

The emanation method involves the separation of the emanation from 
the parent radium and measuring the quantity in a special standardized 
electroscope. The emanation may be removed from solution by boiling 
or aspiration ; the most accurate method of testing a solid is to inclose it 
in a container for a month or more and test the emanation which is in 
equilibrium with the radium present. 

Radium may also be determined by precipitation as the sulfate. 

In speaking of the strength of any radioactive body it is customary to 
speak of the grams or milligrams of radium which are equivalent. Thus 

i See S. C. Lind, Jour. Ind. and Ena. Chem. 7 406, 1024 (1915) ; 12 469 
(1920) ; V. F. Hess, Proc. Am. Electrochem. Soc. Baltimore meeting (1922) ; 
Hess and Damon, Pkys. Ren. 20 59 (1922) •, Owen and Page, Proc. Roy. 
Soc. 34 27 (1921) ; B. Szilard, Compt. rend. 174 1695 (1922) ; N, E, Dorsey, 
Jour. Opt. Soc. Am, 6 633 (1922), 
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tjic expression ** ono milligram of rnesiitlnirium ” dues mil tiieim a milli- 
gram of weight, of I he element inmnUioriuiii Inrt. me-li » ijimnlilv of thin 
element ns would give a gaimim riiv activity equal to I hit I. of n milligram 
of radium in wime inriipouml sueli us ruilium i-JilimfR 

A unit, somotinies used is the curie. It. is the amount of rndimo eiii.'UHi » 
tion in equililtrium with u grmn of radium metiil. So n eorie expels the 
same numher of alpha j (articles jier set-uml as it grain of radium. 

Likewise the intensity of every product, of the uraiiiiinonidiitiii series 
should he expressed in terms of the radium equivalent. Thus " ten 
milligrams of polonium " signities an miuiuiit of polonium which would la- 
in ertuililirium with ten milligrams of radium elemeut ur ten mtllieurn-s 
of emanation. 

Mwkotiioiuiim ' 

The heavy demand for radium and its senreity luivt* greatly 
stimulated .search for a suitable substitute. Ionium would 
ho ideal if it could In* obtained pure, but the most, successful 
substitute fur radium is mcsnthorimii. 

This element was first identified and described by Otto llnlm 
in 1905. It is the first decani[>osition product of thorium 
(see Tallies XIII and X I V) and in reality is ctnnjtoHed of meso- 
thorium 1, an isotope of nidimn, and mesotborium ' 2 , 11/1 isutofie 
of actinium and analogous to lanthanum in properties. Iluitti 
regarded the former us rayless, with a half-life iieriod of fi.fi 
years, and the latter as emitting both beta and gumma radia- 
tions with a half period of (i,2 hours. The decay of nteso t ho- 
rium 2 produces radiotliorinin, an isotojie of thorium, with a 
half period of two years, yielding alpha radiations, ( !mtse- 
quently, after mesothoriurn has stood for a time it ei insists of 
an equilibrium mixture of mosotlmrmm I, mesotlinriimi 2. and 
radiothorium, front which alpha, beta, mid gamma rndial intis 
are expelled. It is to Ixt noted that radial horioui, vvltieli is 
always present in thorium minerals, cannot 1 «• separated from 
thorium by any known method. The only source of radio- 
thorium is mesothoriurn. 

Mesothoriurn is more active than rndiuin. From a study of 
the half-life ratio Imtween mosothnrium and radium Ml: IHOOi, 
Hahn concluded that a milligram of mesothoriurn by weight 
should be as active ns IKK) milligrams of radium. The l). >S. 

'See Otto Hahn, Zeit. ait ury. Chew. 34 Itltl; (’hint Zty. Zi M/i (ptl;*, 
Min.il Technical I'ajHtr No. JIO, mid especially llur, of M •/V./t- 
meal Paper No. 205 (1022), 
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Bureau of Mines says that mesothorium is three times as active 
as radium, weight for weight. 

Mesothorium is found in all thorium minerals. The ratio be- 
tween the two elements as determined by McCoy 1 is 0.52X 10 -7 . 
The reciprocal of this ratio 19. X10 6 is the weight in grams of 
thorium in equilibrium with a quantity of mesothorium which 
has a gamma ray activity equivalent to one gram of radium. 
Hence, a metric ton of monazite sand containing 5 per cent 
ThOj, which is subjected to 90 per cent extraction, would yield 
2.5 milligrams of mesothorium. The importation of monazite 
into the United States in 1914 was 385 metric tons, from which a 
little less than a gram of mesothorium could be extracted. The 
world's consumption of monazite at present is estimated as 
about 3000 tons annually. On the same basis this would yield 
between 6.5 and 7.0 grams of mesothorium. This would be 
almost a forlorn hope as a source of material to be used as ra- 
dium substitute, were it not for the fact that the mesothorium 
is a by-product and that very large quantities of monazite resi- 
dues have been stored up. Previous to the entry of the United 
States into the war there had been no mesothorium extracted 
in this country. But because of the enormous war demand for 
luminous paints, methods were devised for extracting this ma- 
terial. The principle involved in the separation is based upon 
the fact that mesothorium is like radium chemically. Con- 
sequently, the separation of mesothorium-barium precipitates 
is similar to the separation of radium-barium which has already 
been outlined. Mesothorium is said to be extracted from 
monazite now used in the United States. 

Since monazite contains an appreciable amount of uranium, 
radium is always present and the methods of extracting meso- 
thorium concentrate the radium also, Consequently, com- 
mercial mesothorium contains considerable radium, which is 
responsible for 20-25 per cent of the radioactivity produced. 
Since, however, the mesothorium is much more active than 
radium, it is estimated that commercial mesothorium is com- 
posed, weight for weight, of 99 per cent radium chloride and 1 
per cent mesothorium chloride. 

When first extracted, mesothorium is useless for the manu- 
facture of luminous paint, but as the amount of radiothorium 
* McCoy and Henderson, Jour. Am. Chem. Soc. 40 13X6 (1918). 
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increases the alpha radiation increases, making it more effi- 
cient in luminous paints. The maximum alpha radiation is 
reached after four or five years. Consequently, it is customary 
to allow freshly prepared mesothorium to "ripen ” for a year or 
more in order to develop its alpha radiations. After reaching 
its maximum, mesothorium decays at a much faster rate than 
radium, losing one-half its luminosity every five or six years. 

During the ripening process mesothorium is emitting beta 
and gamma radiations and is serviceable in medicine for the 
same purposes as radium. It has not become popular with 
the medical profession, probably because its relatively short 
fife makes its final cost high. 

Mesothorium is not a common article of commerce, so can 
scarcely be said to have established a market price. In 1913, 
it sold in England for £5 per milligram equivalent. In the 
United States it has sold as high as $75 per milligram equiva- 
lent, but the usual price runs from 40 to 60 per cent of that of 
radium for an equivalent gamma radiation. In 1921 the price 
ranged around $60 for an amount equivalent in activity to one 
gram of radium element. 

The development of mesothorium in medicine does not look 
encouraging as long as the supply of radium is sufficient to 
meet the demand. But its use in luminous paint seems to have 
been well developed in Europe. It is particularly well adapted 
for this purpose, especially for objects which arc themselves 
rather short-bved, and it is to be hoped that its use will increase 
in order to conserve the radium supplies for medical purposes. 

The separation and estimation of mesothorium are accom- 
pHshed by the same methods that are used for radium. 1 

* See Bur. of Mines Technical Paver No. 110, pp. 25-27. 
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The first four members of Division B show a striking family 
resemblance, with gradual changes in properties. Mercury 
in many respects resembles copper, as for example in the numer- 
ous ammoniacal compounds formed. Zinc, cadmium, and mer- 
cury form a typical triad ; beryllium and magnesium resemble 
each other closely and form a connecting link between the 
alkaline earths and the zinc sub-group. The vapors of all 
five metals of this division are composed of monatomic mole- 
cules. The physical properties are shown in Table XV. 


Table XV 

Constants of the Magnesium Family 



Beryllium 

MaoneSium 

Z)NC 



Atomic Weight 

9.1 1 

24.32 

65.37 

112.4 

200.6 

Specific Gravity 

1.64 

1.75 

7.1 

8.6 

13.6 

Melting Point 

1280° 

633° 

419°-4 

321° 

-38°.7 

Boiling Point 


1120° 

918° 

778° 

357° 

Atomic Volume 

5.5 

13.8 

913 

13 

15.4 


The members of Division B differ from the alkaline earth 
metals by being more easily reduced to the metallic state ; all 
the elements are stable in the air at ordinary temperatures, 
except beryllium, which is slowly oxidized in moist air; the 
ease of reaction with steam decreases with increased atomic 
weight. 

The compounds of these elements are all bivalent, except in 
the mercurous series, and resemble the corresponding com- 
pounds of the alkaline earths except that they show a greater 
tendency to form basic compounds. Division B sulfates are 

1 HSnigschmid and Birckenbach. Ber. 55B 4 (1922) obtained the value 9.018 
from a study of the ratios beryllium chloride to silver chloride and to silver, 
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soluble and crystalline, readily forming double sulfates, with 
the exception of HgS0 4 . The hydroxides are nearly insoluble 
and are more easily decomposed by heat than the hydroxides 
of Division A. 

Historical. — In 1797, HaQy, a mineralogist, found that the minerals 
beryl and emerald had the same physical structure, hardness, and specific 
gravity. He asked Vauquelin to make a chemical analysis to see if they 
were not of the same composition. In the course of the analysis Vauquelin 
found that while these two minerals were of the same composition they 
both contained an oxide very similar to alumina but differing from it in the 
fact that it was precipitated from its KOH solution by boiling. Further 
study showed other peculiarities ; its salts had a sweet taste ; its hydroxide 
was soluble in dilute ammonium carbonate ; and its sulfate formed irregular 
crystals but no alum with K 2 SO,. 

In his published account Vauquelin unfortunately failed to give the new 
element a name, but referred to it as '* the earth of beryl.” The editors of 
the Annales de Chimie suggested the name glucina, meaning sweet, be- 
cause of the peculiar taste of its salts. This name, however, was not uni* 
versally accepted, especially when it was recalled that a sweet taste is not 
peculiar to the compounds of this element. The German chemists used 
the name " beryl earth,” from which the name beryllium was applied to 
the element. Whether the element shall be called glucinum or beryllium 
seems to depend rather upon personal preference than upon any other 
consideration. 

The preparation of metallic beryllium has been attended with some 
difficulties. Sir Humphry Davy attempted to reduce BeO with potassium 
vapor but failed. Later he fused iron filings and BeO, obtaining * a metallic 
mass, somewhat malleable, which was probably an alloy of iron and beryl- 
lium. Wohler, in 1827, prepared metallic beryllium for the first time, re- 
ducing BeCh with potassium and removing the KC1 from the impure 
beryllium by the greater solubility of the former. 2 

Occurrence. — Beryllium occurs in a large number of min- 
erals, some of which are quite common and contain a consider- 
able amount of the element. Beryl, Be 3 Al 2 (Si 03 ) 6 , contains 
roughly 14 per cent BeO ; chrysoberyl, BeO • AI 2 O 3 , contains 
19.8 per cent BeO ; phenacite, 2 BeO • Si 02 , contains 45 per cent 
BeO; and gadolinite , 3 Be 2 Fe(Y 0 ) 2 (Si 0 .i) 2 , contains about 10 
per cent BeO. In addition beryllium is found in many less 
familiar minerals, in some of which BeO makes up more than 
half the weight of the material. 

The best known and most important mineral is beryl, which 

1 Phil. Mag. 32 152 (1808). 

2 Pogg. Ann. der Physik und Chemie, 13 577 (1828) . 

J Jour. Am. Chem. Soc. 38 875 (1916). 
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is known in a variety of forms. In the common opaque form, 
beryl is found in large hexagonal prisms sometimes weighing as 
much as a ton each. In the transparent forms, which are much 
more rare, the color may be green, blue-green (aquamarine), 
yellow (golden beryl), blue, or red (rose beryl). Emerald is a 
variety of beryl which owes its bright green color to chromium. 
The common beryl is widely distributed over' the United States, 
deposits being reported in nearly all the New England states, 
in Virginia, Pennsylvania, Alabama, Colorado, and other states. 
Numerous deposits are reported from France, especially in the 
Vosges, where an exaggerated saying states that the streets 
of Limoges are paved with emeralds. Particularly rich and 
extensive deposits are found in Madagascar. 

It has been estimated that beryllium comprises between 
0.01 and 0.001 per cent 1 of the earth’s crust, and there is 
reason for the common belief that when the commercial uses 
for beryllium become considerable enough beryl will be found 
to supply any possible demand. 2 

No reliable information is obtainable in regard to the recent 
production of beryl in the United States. It is estimated 
that during 1919 the total production did not exceed 25 tons 
of ore. The usual product contains 10-12 per cent BeO and 
sells at 3-4 cents per pound wholesale at the mines. 

Extraction, — A very large number of methods have been 
proposed for the decomposition of beryl, 3 which is considered 
the only commercial source of beryllium. 

Gibson’s method 4 * is based on the principle that ammonium 
hydrogen fluoride effects the complete decomposition of beryl 
at a low temperature, even if the mineral is only coarsely ground, 
Much of the silica is volatilized as ammonium fluosilicate and 
the beryllium and aluminium converted first to fluorides, then 
sulfates. The former is separated by solution in (NH^CO*. 

Lebeau's method 6 * 8 fuses the ground mineral with CaF 2 , 

1 J. H. L. Vogt, Trans. Am. Inst. M. E. 31 128 (1902). 

2 H. Copaux, Chimie et Industrie, 2 Aug. (1919) and J. S. Negru, Chem. and 

Met. Eng. 21 353 (1919). 

8 See Parsons, Chemistry and Literature of Beryllium, 1908, Chem. Pub. 
Co.. Easton, Pa. ; Copaux, Compt. rend. 168 610 (1919) ; Negru, Chem. and Met. 

Ena. 21 353 (19i9) ; also, James and Perley, Jour. Amer. Chem, Soc. 38 875 

(1916). 

*Jour. Chem. Soc. 63 909 (1893). 

8 Compt. rend, 121 601 (1895). 
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and adds H 2 S0 4 to the melt. Silica is expelled ns SiF„, while 
the aluminium and beryllium ap|«»«r an HulfaleH. 1 he i*nw 
acid is neutralized by K 2 C0 3 and on o V :„k, ration most of (he 
alumina separates as KAl(SO<)s * 12 11,0. Ammonium car- 
bonate is used to separate the beryllium. 

The method proposed by PnlloK 1 U "' with ranstie 

soda, dissolves the mass in 1 K* 1 » precipitates the hydroxides 
with NH 4 OH, and redissolvrs in 1 U “1. Then by saturating 
this solution with HC1 gas, the n lamina is precipitated ns 
AICI 3 • 4 H 2 0. Finally (NII-iM *< ^ > H ’'sed to scpnmte the 
beryllia. 

In Parsons' method 2 the mineral ls fused with KOU, dis- 
solved in H 2 S0 4 , and evaporated to dehydrate the adieu. 1 he 
soluble salts are taken up with water and must of the alumina 
removed as alum by concentrating t lie solution. 1 lm remainder 
of the alumina and the iron are. removed by a concentrated solu- 
tion of NaHC0 3 , while the beryllia is precipitated by diluting 
and heating the bicarbonate solut ion. 

A method proposed by Oopatix 1 disintegrates the ore by 
heating with sodium fluosilieat.e at H50". Milieu remains Wi- 
attacked while beryllium sodium fluoride is formed. This 
is readily soluble, while the corresponding aluminium suit, 
is nearly insoluble. The small amount, of impurities present, 
are removed by converting to the sulfates and crystallizing 
BeS0 4 -4 H 2 0. This method has lieen in commercial use in 
France since 1915. 

A study of the efficiency of these methods hns been made by 
I. E. Cooper 4 with the desire to test their efficiency. His 
conclusions are shown in Table XVI, 

These results were obtained on 50-gram samples, and should 
be considered typical rather than final. They indicate two 
very serious problems which must, be solved before the large- 
scale extraction of beryllia can Jjoeome a considerable commer- 
cial success: ( 1 ) obtaining Be(> fairly free from impurities, 
especially iron and aluminium ; ( 2 ) devising a method by which 
better yields can be obtained. The necessity for efficient 
methods is evident from the lightness of beryllium itself, Thus 

1 Trans. Roy. Dublin Hoc. 8 !.’«* (IfKH). 

* Chemistry and Literature of Hrryllom. 

! Chimie et Industrie 3 Auk, ( HIM). 

* Thesis. Uruverntiy of liiinoM. ltlUft. 
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a ton of beryl containing I I jmt font BeO would yield a little 
over SO pounds of metallic Is-rylliunt if liollt the extraction 
and reduction were {>() |x-r ecu I eflicifiit. 

Separation. — Beryllium is precipitated from its solutions 
by alkalies along with idtiminium and iron, with which it is 
commonly associated in nature. BefOJi), resembles AlfOIl), 
in Iteirtg soluldc in excess of fixed alkali, hut differs ' from it 
in that, Bc(OH)» is n’precipitated on lmiling while AhOJI)i 
is not, One of the most satisfactory methods of separating 
aluminium front Is'ry Ilium is by Isiiling a solution to which 
just enough ti NNaOH has Iw-cn added to dissolve the precipi- 
tate which first forms, A saturated solution of sodium acid 
carbonate dissolves BcfOIlij hut not AhOH)* or Fe(OII)*. 
If a mixture of AK1* and BeC'lj is taken tip with water tuid 
ether, and IB'l gas added, AK Ii * 1 Il 3 0 is preeipitnti-d, while the 
beryllium remains in solution. By adding hot glacial acetic 
acid to a mixture of acetates, basic beryllium acetate separates 
on cooling, Fusion with NajCOj converts AM)* Into soluble 
NaAIOj, while BeO remains insoluble; fusion with NajSiF* 
produces soluble Na*BeF« and insoluble Na*AiF*. 

In each of these methods conditions must be very carefully 

< See H, T, 8. Britton, AimtyH, 4S 380 mat 437 (1031) ; 47 80 (1022), 
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regulated, since the behavior of beryllium is very markedly 
influenced by minor conditions. These relations are not well 
understood at present, hence the separation of beryllium 
presents unusual difficulties. 

Metallurgy. — The fused beryllium halides are almost non- 
conductors of the electric current, consequently, the metal 
cannot be prepared by the electrolysis of the fused simple 
halides, If BeCh is mixed with NaCl and NH 4 C1, or BeF 2 
with NaF, the electrolysis may be carried out successfully. 
The removal of the metal from the electrolyte presents some 
difficulties. The melting point of the metal is higher than that 
of the bath, consequently the beryllium separates in flakes, 
which must be separated from the mixed fluorides. This 
separation is laborious because the fluorides are difficultly 
soluble in water and if the water becomes either alkaline or 
acid the metal itself will dissolve. Secured in this manner the 
metal is in the form of small flakes which may be melted and 
run into ingots by heating in a vessel of magnesia or beryllia 
in a stream of hydrogen. Beryllium .oxide dissolves readily 
in fused cryolite and the solution on electrolysis yields beryl- 
lium or its alloys ; electrolysis of a mixture of barium fluoride 
and sodium beryllium fluoride is also a promising method of 
obtaining the metal and its alloys. 1 

Beryllium has also been prepared 2 by other methods : (1) Be- 
ryllium chloride is easily reduced by sodium or potassium, 
but the chloride must be in the anhydrous condition and its 
preparation is very troublesome, (2) The Goldschmidt pro- 
cess yields metallic beryllium containing about 10 per cent 
aluminium, The application of external heat is necessary in 
order to raise the temperature above the melting point of beryl- 
lium. (3) Potassium beryllium fluoride mixed with sodium 
and heated strongly gives metallic beryllium. 

Metallic beryllium has never been obtained except in small 
quantities, The metal is quoted (1913) at $3.75 per quarter 
gram, which is about four times the war price for platinum, 
This value is entirely artificial, and when beryllium ores are 
successfully reduced the metal will be both reasonable in price 
and plentiful in amount. It may never, however, become a 

i See E. A. Engle’s Thesis, University of Illinois. 

a See Jour. Am. Chem. Soc. 38 875 (i916). 
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common metal on account of l Ijc- small amount obtainable front 
its ores. 

Properties. - Mnu.v conflicting statements am made in 
regard to the properties of beryllium. doubtless bei-ause nf the 
difficulty ofohtaining the element in pure form. Small amuuitls 
of impurities Would lie exacted lo iidhiemv its pru|>ertirH 
greatly. 

Beryllium is desert lied 1 as silvery while for steel gray) in 
color, with it hardness nf (i or 7 mi Moll's scale, ll i» malle- 
able, easily forged rind fold rolled, takes a high polish, 1ml its 
tensile strenglli and rigidity are imi known, Ils s|terific 
gravity is I.tVl folder values run as high as 1 . s j ; its specific 
heat is probably the highest of any of the useful melnls, Varying 
with temperature up In HMF at H where it heeomes eonslant 
ut. 0,(12; the latent heat of fusion is wry high, in (lie neighbor- 
hood of ’dOO calories ; (tie latent heat of vajmrizatiiui is prohuhly 
the highest of all elements except ear I ion and I inrun; its elec- 
trical conductivity ■' is higher than that of cupper, approaching 
silver in this respect. Positive ruv analysis* gives no indica- 
tion nf the presence of isntojte#. 

The inetal is mure jiermaneiil in the air than magnesium, 
oxidizing slowly and siijteilirially in moist nir. When heated 
to redness in oxygen it oxidizes on flu* surface, the oxide so 
formed acting as a protective coating. When the powdered 
metal is heated in the nir it hunt" brilliantly, forming the 
oxide, The heat of oxidation was determined indirectly l»y 
Copnux oitd Phillips * at id found to he l.’il.u Cal. This plant* 
beryllium immediately after calcium and just lmfurc lanthanum 
in flu* table of heats of oxidation of the elements. Water or 
steam iH not deemnjamed even at red heat. When heated in 
the electric are in an atmosphere of hydrogen it sublime#, 
forming a gray mirror which resembles arsenic. It dues not 
unite directly with mdfur vapor hut combines with chlorine 
and bromine, producing an incandescence. ‘I'he react ion with 
iodine is more difficult. At the temja'rature of the electric 

< Roe iwpwistty ('hem. and Met. Knu 11 -143 

• Use (‘hem, and Met, Uni/ SI list (With . It l in Chtmtr rt Industrie, 
S VH (lit lit), rliiim* tint iln- ••J>Tir)i , «l x.imIiu-Iiviiv of twrylliuoi i* ecu* >|U«rtf*r 
thitt of nmgocsmm met • 11 , 1 * w-vonth ihnl >it nlutniaimn. 

*ti. t». Tliomsr.n, Nature. 107 Wo cHtttj. 

* Com}*, rend. Ill tWU (1U2U). 
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furnace it unites with silicon, forming a hard, brittle mass which 
takes a high polish. It unites directly with both carbon and 
boron and alloys readily with many metals. HC1 gas attacks 
it at slightly elevated temperatures and the solution dissolves 
it easily, liberating hydrogen. It reacts with concentrated 
H 2 SO 4 , liberating S0 2 , and with the dilute acid, yielding hydro- 
gen. HNO 3 has very slight action on it even at the boiling tem- 
perature. It is not attacked by ammonia, but dissolves easily 
in KOH solution, liberating hydrogen. 

Uses. — The most promising use of metallic beryllium is in 
connection with the formation of alloys, many of which have 
been studied briefly. Of these the aluminium alloy has at- 
tracted particular attention because of the lightness of both 
metals and the hardness and strength of the alloy. These 
metals alloy in all proportions. The mixture of 90 per cent 
aluminium and 10 per cent beryllium 1 has a specific gravity of 
2.5. The addition of beryllium to the alloys of calcium and 
aluminium increases the solubility of calcium in aluminium 
and makes a tougher and more malleable product. An alloy 
of 85 per cent aluminium, 10 per cent beryllium, and 5 per cent 
copper has a specific gravity of 2.8 with a tensile strength and 
toughness equal to bronze. 

An alloy with a specific gravity as low as 1.5 may be made 
by using up to 25 per cent lithium with beryllium. This prod- 
uct oxidizes superficially, after which it is said to be as resistant 
to corrosion as iron. Alloys of beryllium with magnesium arc 
impossible 2 to make by direct methods, because the latter 
boils at a temperature below the melting point of the former. 

The alloys of beryllium and copper have received much 
study, These alloys are of value in making scientific instru- 
ments on account of their electrical properties, They also pos- 
sess a resonance of excellent quality and are prized for the 
making of musical instruments. 

Beryllium and silver alloy readily, forming a eutectic at 878° 
with 16 atomic per cent of beryllium. These alloys increase 
in hardness and diminish in ductility as the per cent of beryllium 
increases. 

Alloys of iron containing up to 21 per cent beryllium have 
been made, a eutectic being formed at 1155° with 38.4 atomic 

1 V. S. P. 1, 333, 966, March 16, 1920. ! Zeit. anorg. Chem, 97 , 6 (1916). 
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hydrolyzed; the iodide is difficult to form and reacts readily with organic 
compounds. The fluoride and chloride form many double salts. The 
anhydrous chloride is best prepared by passing a current of chlorine over a 
heated mixture of beryllium oxide and carbon or over the hot carbide. 

Be(NOj )2 • 3 HjO is extremely hygroscopic and can be crystallized only 
with difficulty, best from strong nitric acid. When heated on the steam 
bath it gives a basic salt, Be • N0 3 ■ OH • H 2 0, easily soluble in water. 

BeC 2 is obtained by heating a mixture of BeO and carbon in an electric 
furnace. It is slowly decomposed by water and dilute acids, giving pure 
methane. A basic carbonate of varying composition is precipitated as a 
fine powder when an alkali carbonate is added to a beryllium solution. 
When carbon dioxide is passed into a suspension of this basic carbonate the 
normal BeC0 3 • 4 H 2 0 is formed and crystallizes with difficulty. 

Beryllium sulfate crystallizes with 6, 4, 2, or 1 molecules of water. The 
anhydrous sulfate is formed at 220° and at red heat BeO is fdrmed. The 
sulfate forms no mixed crystals with the sulfates of copper, nickel, or iron, 
as do the other members of thfe magnesium family. 

Beryllium forms double alkali tartrates in which beryllium not only 
replaces the acid hydrogen but also to some extent the hydrogen of the 
radical. The presence of the beryllium increases the molecular rotation 
not only of the tartrates but even more noticeably of the malates. 

Basic beryllium acetate is prepared by the action of glacial acetic acid 
upon the dry carbonate or hydroxide. It is only slightly soluble in water 
but is hydrolyzed, becoming soluble. It melts, boils, and sublimes without 
decomposition. It was used by Parsons for his atomic weight determina- 
tions. 

Detection and Estimation. — Beryllium is detected in qualitative 
analysis by the reactions which distinguish it from aluminium, zinc, and 
iron. (See Separation.) 

Spectroscopic detection of beryllium has been suggested.’ Since be- 
ryllium salts of themselves give no absorption spectrum, it is necessary 
to form a lake with some organic coloring matter. Best results are obtained 
by a dilute alcoholic extract of alcanna root. When the mineral salts are 
added to this extract, it is possible to detect 1.6 mg. BeO in the presence 
of 2 grams aluminium and 2.0 mg. BeO in the presence of 2 grams of iron. 

For the estimation 2 of beryllium, usually the hydroxide is precipitated 
by NH ( OH and ignited to BeO. 

1 H. Brunner, Dissertation , Techn. Hochschule in Zurich. 

2 See Compt. rend. 168 612 (1919) ; also Parsons' Chemistry and Literature of 
BeryUium. 
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GROUP III THE RARE EARTHS 

Tin: (•[••ini iit * uhnli <■» -m>j * ri><- Group III include boron ns an 
iiil n«ltirf**t \ i -I* um nt :m*l m indium. vftiuuu, lanthanum, and 
tin* ran* rtirtli group iii lUvi-mti whdx aluminium, |Lf:i iliuni, 
indium. and ili.illuifii ;u c found in Division 
I?. Tlx- )• lattoiidiip uf i In* I'lciiicntK in 
i li* .\v n in I ii*. U. 

'Hi* - mint I'Urdiip uf lit trull is fijU'ii to 
•pit •*tii»n. \\i- d.-mld e\per| il to ladling 
t>. I ini'- 1 * >ti A. while in itmiiy rhnriiftrri.stiea 
it ri"*i-inJ>l> « aluminium. Mn t In* other 
hand, n * tiff* r >- f i * *iii all other of 

Group III 1 *>• Irt inu mainly «*•»• Hr in nn- 
ivin- (V<ii<<i<t|i|t-iii)y, many niitlmrH prefer 
lo tr« at it *** jiaiati-lv. 

All mtinl«i» *4 Group ill fnriit oxides 
ff tl« tyj»* M : M» mid halides MXj, Tlie 
K'i.*iniv of tin- hydroxides MiMlI), in- 
fii-axo wit ft inriw uf atomic Weight of 
tlx- nii'lal f * M < |it in tin* run* earth group), 
tlix fact iix-iulu r of the i«*rii'i«, llJiMj, lming 
mostly tu nin'. !>ut acting a* a b«*e towards 
tin- Mri'infixt acids, The oxides of the 
nii ijil* «f Ihvouun A ari* mure Iwir than 
tin we i*l l>ivisi*<r» II. d itiiijxirr with 
Group II.) Accordingly, Hu- hydroxide* of I >1 visit w A are 
almost insoluble in ulkalx* whd* those uf lliviwnn B am 
nmrli more soluble; l>ivi»u»n A element* f*»nn stable earlion- 
ate*. Division Jt .Innint* do not ; tin* halide* of 

Division A element* arc iu>n-v<'lnfil*\ in general. and hut 
slightly hydrolysed l»y water, while tin* opposite farts are true 
of tin* rofrinjaiiiding halide* «>f Division H : nil <!«• elements 
of 1 5 roup III allow n tendency to form double sulfate*, hut 
the*? compound* of Division A element* are out alums. The 
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characteristic valence, of all the. elements is 3, although thallium 
forms a well-defined series of univalent salts and several of the 
rare earth group form peroxides. 

The most striking facts concerning this group are in con- 
nection with the, abundance of ihe elements. Aluminium is 
the most abundant metal and I he third most abundant element 
that wc know, making up 7.28 per cent 1 of the world which 
we are able to examine. With the exception of hornii nil the 
other elements of this group are scarce, and some of them are 
among the least common of all the elements of the periodic, 
tabic. 

Thu Rarb Earths 

The term “ rare earths ” is used to designate a group of ele- 
ments, closely related chemically, which are. placed in Division 
A of Group III. They were called " earths ” because their 
oxides resemble those of the alkaline earths, and the designation 
“ rare" was originally applied because of their scarcity. Now 
many of these elements are known to exist in considerable quan- 
tities, but the term f< rare ” is still strikingly applicable ixtcaUHn 
of the unique relationships of the group. 

The rare earths may Ik: defined as a group of trivulent metals, 
forming basic oxides, with oxalates insoluble in dilute ntiueml 
acids. Their fluorides arc also difficultly soluble, hence they 
may be separated, in general, from other elements by milling 
oxalic or hydrofluoric acid to their solution, to which some 
mineral acid has previously been added. Doubtless the most 
striking fact which characterizes these elements is the remark- 
able similarity in both the physical ami chemical pro|x*rties of 
their compounds. Their main differences arc in the solubilities 
of their salts and the basicity of their oxides, which varies t>e- 
tween that of the alkaline, earths and that of aluminium, 

The term “ rare earth group ” is a rather indefinite one 
because there are no very sharply drawn l«>un<lary lines. 
Strictly speaking, the term should include only those elements 
between cerium with an atomic number of 58 and tantalum, 73. 
This would include the following elements ; praseodymium, 
neodymium, ekancodymium (undiscovered), samarium, euro- 
pium, gadolinium, terbium, holmium, dysprosium, erbium, 

’ Estimate of F. W. Clarke ; itee Ids Gnochemintry, 
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The mineral now known as cerite was discovered in 1751, but nothing 
unusual was observed concerning it until 1803, when Klaproth discovered 
that it gave an oxide resembling Ekeberg’s yttria quite closely. Berzelius 
and Hisinger made a similar observation simultaneously and the names 
ceria and cerite were proposed for the oxide and mineral respectively. 
These names were derived from the planetoid Ceres which was then newly 
discovered. 

It was soon discovered that these oxides were in reality complex, and other 
oxides were one by one isolated from the original mixtures. The detailed 
history is long and confusing because of the complex nature of these oxides 
and the great difficulty in obtaining pure compounds. An outline of the 
history as it has finally developed is sufficient for the present purpose. 
See Tables XVII and XVIII. 

Table XVII 

Historical Development of the Yttrium Group 
' Terbia 

de Boisbaudran, 1895 

Urbain, 1904 
ne, 

Gadolinia 
Marignac, 1886 

Holmia 

Holmia de Boisbaudran, 1886 

Cleve, Dysprosia 

1879 de Boisbaudran, 1886 

Thulia 
Cleve, 

1879 

Ytterbia 
Marignac, 

1878 

Scandia 
Nilson, 

1879 

According to our best information at the present time the following 
elements are recognized : scandium, yttrium, lanthanum, cerium, pra- 
seodymium, neodymium, samarium, europium, gadolinium, terbium, 
holmium, dysprosium, erbium, thulium, ytterbium (or ncoytterbium), 
lutecium, and celtium. 1 There is some evidence for the opinion that " thu, 

1 Coster and Hevesy announce the discovery of hafnium (seo Nature, Jan. 
20, 1923, p. ’79), an element of atomic number 72. This element is described as 


Neo-ytterbia 
Urbain — W elsbach, 
1906-07 

JLutecia 

Urbain — Weis bach, 
1906-07 

Celtia (?) 

Urbain, 1911 




(HUM'!' II! Til K ItAltK HAKTJIS 




Tutu: Will 


!{ii 4 nr,riil />» i»/*./*mi» nf •/ f/t* Ctriuot < lr»nj\ 


< Vrifi, 
lvl<»j»r»illi , 
l$*T/' liii • 
nml 

Hi fmo-r. 

I sou 


i.siif Ictim, j I “'ll 

Moateler. 

IS 1 1 

ItrtV.elin , 

is! 1 


.<10 iiuo* ( , 

I s.U!t 


( I'r.'i'Ciiilvmia, 

I fiilviui:), | v, u> WflHiiidj, 
tie ll<ii.hmii|r;i|i, ( | SS/ », 

I s * 't \ffnlytui:i 

S tiD.irin, i 

<!• liiti'lwudr-iii. ' i bmurrriy , 

ls 7 «t j Ison [<«)! 

Saniiiriu 


hum ” i* ;t i**i si ur<* of ilothmii I. thulium II, mi*] ju>« “•Mv tl.llllldll 111. Tllft 
• Ill KlI' il l-Wtl* U* r 1 for til*- *\f.I »tp >" **f re|t 1*1111 l’< I'twitl, l»l|f iJs utllluil! 
IHlOtU r II I . ! >»-*»! till* -IT 1 tint lt***'l|t 1 lt;nl to till 1 I'NfltllllsIlt 

uc-tO »if tin- number 70 h*r *. <<*-rl*»»nti. 71 f*»r mol 7'_' for rniluim, 

c/fi/ttinii' hiv*- I**-*- K Mtist -l ;il i« ...||. . riimu tli*- iti*!ivi*|ii ihi v ff i-rltium, 
litiltumiii, *|t, ijtro-nnii. terl.mm. :<t»*l evm <1-11*1111, Inn th*-.e iirr now kiti- 
erilllv mvr|ite*l tv* rheme'll *-l*-(ii> J»»> 

Tin- u:tiii*-t **f lit*- »T«-iii« n* * of in*- mt- «*;»rl li yrttujt lm-«- IhcIi ili-ri vi-tl 
(n*ni it v;in*tv *<f «»tiar<-»-*i Vnii*iin, erlnum, terbium. :u»*l Uterinum urn 
til »f !»«n»-<l Irntti \ ttrrbv , tic- j*w*-<Ii»Ij vill.i**- from win* h Kmlolitiite with 
I tr-.I «»Iit tim*-*l lvir»»|nuin. •*"!*»i»Iwihi, »«ifl r**lu»iin ;»rt* K-ournjilufn! immri*; 
liitlnitniif w-ns rmruf'l from St*»-I*li»ilm, Internim fr*n»i Initctm, nn 11 orient 
rnitii*' for l'nri», *ut*l i|i»fli*un from 'I liu!*-, nn * *1-1 nun*' f.*r SiMUilitinviu. 
Htuimrima oblmtie*! it* 11 »!»**• f f*»tn 'uim ursfitte, *1*1 *nl|t*l m Inmor nf » 
U*t«*iiti»i fum<* nflirtT, .Siumititln, l*v uomr, ni-lubiinmi wan ntim.-tl fur 
I'ritf'sior <*'i*l*tln», nml »i-rnnii lr**m lli«*n«ii , r<»i*l • Vr*-* Itelvmimn menu* 
the twin rleninib *wt mtiii'-t! In-rtunw* *»f H » >-l*w pon-iiiltluiii'i- it* lmillinnoin, 
from wlirlt it w*n» w*j«imle<| , nb*-ti *|i<h timttii w«« fount! t« rnntum two 
e|elf»0it*, *|||»* win* »-(*|li-*l llt*‘Kli<l'. I|.tt|tti, til** new twin, hilt the no toe WIIH 
Infer ilioit* ti*-*l t*< iiwnlyartifiti , i<rt»*-t«h inioni Msmfu'tt u irreeu-i'oltip-d 
twit* l.nii'lemtim i<* »l*-rivi-«l from the tlrn-k verb iitemmiR In lie hithien, 
nit*l ilv'l't. 1*04111 otjimfftw ilrflie nil of tiro-'* 

Occurrence. ft wintry in ihr npinintt nf Hit* djxcnvfrprH, 
thin arittiji of f*leiiw*itfM is widoly (list ri tut fed in mil tm\ The 
nuticnilK ure rmiu«*ronn, well wnf l»nt itsiiully fnnnd in 

Wfiinll r|t*|Kwifn nr intiinritely inivsl with nther nmU'rinln. Hili- 


l**h*t*R»iitf to Ilie *t*->. etiim fattiifv. »hi*h w**t|l*l i .1-* >■*. it in He It); I IV helween 
tie* l**t* <*»MJ*« n»<4 l»nlst<iiu If l|»e *.|i*ii.ftr*> of »hi* i‘lrnn*»t t* wmfinniKl, il 
«**r)o» n iloor |j|»t .elliuOt t t»t»iu4 e%i»t ** « r t rr mrlii e!'*itie/jl with 
>ii*ui1***r “'J, 

I Wrlultanli. MnnttUrh St 374 t HU It , Jame*. Jout 4m f'W«, Xoe. *3 IS32 
(fltlt* 

> lfr Imtu, Camp, trmi 174 1447. met Dmivtlbnr, ,1,hJ 174 )34B (1033). 



TIIK HARK EARTHS 


<)7 


catos are the most common form, phosphates are numerous 
and important, while halides, cat) s mates, oxides, titamites. 
uranates, cnlumbatns, tantalates, and zircnnal cs are found in 
varying degrees of complexity. There are about 150 dilfereiii 
rare earth minerals listed. 1 The following are. some of Hu 1 
best known : — 

Gadolinilc, a silicate of beryllium, iron, and yttrium group 
metals of the typical formula* KeBi*sY«Si 2 O, 0 . It usually eon- 
tains 35-48 per cent yt.tria, with outside limits of 5 60 per emit. 
It is found in Norway, Sweden, Texas and Colorado. 

Xenotime, a rare earth orthophosphate with ThO«, Ki<>~, 
Zr0 2 , etc. The cerium earths vary from 0 to 1 1 per emit and 
yttria from 54.1 to 04.7 per cent. Occurs in the diamond sands 
of Brazil and in Norway. 

Euxenite, K(C!1»( ) a ) x * K 2 (TiO,) 3 - 1.111,0 with 1', Zr. und Th, 
contains 2,3 — 8.4 per cent. Co, 1.3.2 -34. t> per cent Y, mid 
20-23 per cent TiO,. Norway, Anslralia. North Carolina, 

Fergusonite, E 2 0,i • (Cl>1'a)4 > 6 with Th, Zr, l>, Ke, und Ca. 
Co = 0.5-13 per cent; Y = 27.0 — 17.1 per emit; ThO„ 1 
Zr0 2 = 0-7 per cent. Norway, Australia, Texas. 

Samarftkite, (Fe, Ca, ll()j)» 1< 2 (Ch. Tu)*< ) v ,, contains <V 
= . 1. 2-0.4 per cent; Y = 4,72-21.2; ThO, -j ZrO, 0 7 
per cent. Ural Mountains, North ( 'and inn. 

Monazite, EP0 4 with Th, Hit ) 2 , etc., Ce 40-7 A per emit ; 

Y = 0-7.6 per cent; ThO, = 1-20 per emit. Brazil, Carn- 
linas, Idaho, Ceylon, India, etc. (See Mantle Industry under 
Thorium.) 

Cerite, basic silicate, H 9 (CaFe)Ce,iHU() ls , contains Ce •» 50.7 
71.8; Y = 0-7.6; ZrO s = 0-1 1.7 i«*r cent, Sweden, Ciuiciisuh. 

Orthite or Allanite , a hydrated silicate, essentially 11,0 • 
4(Ca, Fe", Be)0 • 3(A1T'V' , E) 2 0* • « Sit),. Ce 3,6-51 jkt 
cent; Y = 0 — 8 per cent; ThO- - 0-3,5 per cent. Widely 
distributed in (Ireenliunl and Scuiuliiuivia, 

Yttroceriie , Ca 3 E 2 F, 2 * H 4 0, contains Ce * 113-18.2; Y » 

8.1-29,4 per cent. Scandinavia, 

The examples given include typical minerals, which are of 
interest mainly for their rare earth content. In addition to 

• See Levy, The Rare Earth*, pp. 7-89. 

2 In the formula* for mincraJs Y In to la, nrnlrnttooil mt representing yttrium 
group elements, and Ce, cerium group elements. 
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these, many minerals contain appreciable amounts of rare earth 
elements but are themselves of value chiefly for some other 
constituent. Among such minerals may be mentioned badde- 
leyite, columbite, ilmenite, polycrase, rutile, tantalite, thorite, 
thorianite, titanite, and zircon. Nearly all the minerals of the 
radioactive elements also contain small amounts of rare earth 
materials. Since most of the typical rare earth minerals are 
distinctly radioactive, it has been suggested that there must 
be some relationship between these two groups of elements. 
No definite relationship has as yet been established. 

Extraction. — The method selected for the extraction of rare 
earth material from its ores depends on the nature of the ore 
itself, the presence or absence of certain related elements and 
the particular purpose for which the extraction is to be made, 
The following discussion must be considered general in scope 
and by no means exhaustive . 1 

The ore is ground to a fine powder and extracted with acid 
or fused. The acid used is generally HC1 or H 2 S0 4 , although 
HF is sometimes employed. The fusion mixture may be 
KHSO 4 , NaOH, or KHF 2 . The use of HF or KHF 2 is generally 
limited to minerals containing considerable amounts of colum- 
bium and tantalum*. The fluorides of these two elements are 
soluble, consequently they may be effectively separated from 
the insoluble rare earth fluorides. The latter may then be 
decomposed with H 2 S0 4 , 

The solution of rare earth salts is saturated with hydrogen 
sulfide to remove lead, copper, bismuth, molybdenum, etc,,' 
and the rare earths precipitated by adding oxalic acid solution, 
Separation from the common elements is somewhat more ef- 
fectively accomplished if both the solutions are boiling hot, 
the oxalic acid being added slowly while stirring. The crude 
oxalates are filtered and thoroughly washed. 

If either thorium or zirconium is present in any amount, it 
is usually removed at this point by boiling the crude oxalates 
with (NH 4 ) 2 C 2 0 4 , which dissolves all the zirconium and most of 
the thorium . 2 Some rare earth oxalates are dissolved slightly, 

1 For more detailed discussions see such works as Levy , The Rare Earths; Spen> 
cer, The Metals of the Rare Earths; B&hm's Darstelhmg der sdtmm Erden, vol. i. 

2 Many other methods have been used for removing thorium, such as the 
use of HjOi, NajSjOi r PbCOj, or precipitation as sebacate, fumarate, meta- 
nitrobenzoate or iodate, 
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but for the most part they remain untlissolvcd. Thorium may 
be completely removed from the rare earths by repeated treat- 
ment with (NH 4 ) ? C 2 0 4 or by precipitation from a neutral or 
veiy slightly acid solution with H 2 Oj. The white precipitate 
so formed is a good qualitative test for thorium. 

Separation. — After the removal of columbium, tantalum, 
thorium, and other elements which might interfere with the 
separation of rare earth elements from each other, the next 
step is usually the separation of the material into cerium group 
earths and yttrium group earths. This is best accomplished 
by the James method as follows : Mix the dried oxalates with 
enough H 2 S0 4 to form a thick paste, then ignite cautiously to 
expel the excess acid. Dissolve the anhydrous sulfates formed 
in this manner in ice water and sift in solid Na ; »S0 4 or K 2 S0 4 . 
The former is usually less expensive, but more is required to give 
a saturated solution. The order of precipitation is approximately 
scandium, lanthanum, cerium, praseodymium, neodymium, sa- 
marium, europium, gadolinium, terbium, yttrium, dysprosium, 
holmium, erbium, thulium, ytterbium, and lutecium. The 
sodium earth sulfates of the first six elements are difficultly 
soluble, and these are sometimes separated and designated as 
the cerium group elements. The double sulfates of europium, 
gadolinium, and terbium are slightly soluble, and these are. 
designated as the terbium group. The double sulfates of 
yttrium and the elements following it in the above list are 
very soluble. These are called the yttrium group elements. 
Usually the sulfate separation is used to divide the rare earth 
elements into the two groups known as the cerium and yttrium 
groups. In this case, the division takes place at. gadolinium, 
which is found partly in one subgroup and partly in the other. 

The separation into groups cannot be made sharply because 
the yttrium group elements begin to come down before all the 
cerium group has been precipitated. Consequently, to obtain 
the cerium group free from the yttrium group, much of the for- 
mer must be left in solution ; likewise to precipitate completely 
all the cerium group enough alkali sulfate must be added to 
cause the precipitation of a considerable amount of the yttrium 
group. Consequently, the amount of alkali sulfate added will 
depend on whether the object is the elimination of the cerium 
or the yttrium group. 
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mi*Mts. Tabic XIX show* mmit of the difference!* between the 
members of the rare earth group, The order in which the ole- 
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General Comparison of Rare Earth Group 


Elements 

Sc 

Y 

La 

Ce 

Pr 

Xd 

— 

Sa 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Atomic Numbers 

21 

39 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

OS 

69 

70 

71 

Atomic Weights 

45.1 

89.3 

139' 

140.2 

140.9 

144.3 

— 

150.4 

152 

157.3 

159.2 

102.5 

163.5 

167.7 

169.9 

173.5 ! 

175 


Order of De- 1 

creasing ^ Ce, Nd, La, V, Sa, Gd, Pr, Er, Yb, Lu, Dy, Ho, Tm, Tb, Eu 
Abundance J 
General Order of 

Increasing Solu- • La, Ce, Pr. Xd, Sa. Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu, Ct 
bilities of Salts 

Decreasing Basicity La, Ce 111 . Pr, Nd, Gd. Sa, Y, Tb. Dy. Ho, Er. Tm, Yb, Lu, Ct, Sc, Ce rv 
Decreasing Heats of j 

Dissociation of Anhy. > La, Y, Lu. Yb, Er, Pr, Xd, Gd, Sa, Sc. Ce 
drous Sulfates J 

Decreasing Stability \ v Gd Tb T Ho & yb ^ 
of Nitrates ) 


Increasing Volatility 


of the Chlorides f 

Increasing Hardness Pb. Sn, Ce. La. Za. X !. Pr. 


Yb, Lu. Ct. Sc. Th 


Coefficient of Mac- 

Se 1 

v 

la 1 Ct | Sa 
-0.1S , 

— 4.1 * M 

i xd 

Eu j Yb [ Gi 1 

Er 

Tb 

Dy 

net Station X X 10 -4 

- 0.04 ; 

-U 14 

i **-> ► 

— AOf* 

-53.0 j -33 0 ? - b'l 

- 1>9 

- 237 

-290 


8 Barter. T-iri acd Chs;?:!, ssv- las'haauta at atomic weight I js.’St J An. Chen. i.e. 43 It*'" \ 1 . an 
H-spkiss aai Dric#* dti ! i> v» bti . 44 !*‘_*7 i lftJJ'. 
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GROUP III — THE RARE EARTHS 


ments arrange themselves in the solubilities of their salts will 
vary somewhat with the different salts and the order of 
basicity varies slightly, but in general the order is that shown 
in the table. 

The method of fractional crystallization is used to separate 
members of the rare earth group from each other. It depends 
upon the fact that analogous compounds of the elements have 
slightly different solubilities. This method is carried out by 
the use of various salts and a variety of solvents. Its general 
principle may be illustrated in this manner : If we have a satu- 
rated solution of a mixture of salts of differing solubility and 
evaporate of the solvent, ^ of the solute will crystallize; the 
crystals will be composed largely of the least soluble members of 
the mixture, while the mother liquor will contain nearly all 
the more soluble salts. If, now, the crystals are dissolved in 
enough solvent to form a saturated solution, then again partly 
evaporated, a new crop of crystals is formed more nearly pure 
than the first. By adding the second mother liquor to the first 
and repeating the partial evaporation, another crop of crystals 
is produced. By continuing in this fashion adding the mother 
liquor from each fraction to the next more soluble portion, the 
original mixture may finally be separated into a series of frac- 
tions, each one differing from its neighbors. Sharp separations 
are difficult by this metho'd and impossible if the differences in 
solubilities are slight. As applied to rare earth mixtures, thou- 
sands of crystallizations are necessary and at best the separa- 
tions are not quantitative. It is evident that the end fractions 
are more easily purified than the intermediate ones. If the 
salts are quite soluble, the least soluble one of the mixture will 
be most easily purified, 

Methods depending on the differences in basicity are of sev- 
eral types, such as fractional precipitation, fractional decompo- 
sition, etc. As an illustration of the method of fractional pre- 
cipitation we may consider adding a precipitant like NH4OH to 
a solution of a mixture of salts. If only a small amount of 
ammonia is added, the precipitate will contain more of the less 
basic constituents than the mother liquid, If the precipitate 
is filtered out and more ammonia added to the filtrate, another 
precipitate may be obtained. By proceeding in this fashion, 
the mixture may be separated into any desired number of 
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fractions in which there may be noted a progressive degree of 
basicity. Separations by these methods am perhaps less tedi- 
ous than by fractional crystallization, but they usually involve, 
more work and arc never quantitative. 

Fractional decomposition depends nit the fact that, if (.lie rare 
earth salts of oxy-acids are heated they form basic mils which 
are difficultly soluble. The. ease with which this change takes 
place depends upon the basicity of the clement. Accordingly, 
if a mixture of nitrates is heated gently, the moIoe.iileH con- 
taining the. less basic metal are changed to the insoluble bash' 
nitrate first. As usually carried out the mixed nitrates me 
heated in a casserole to the desired temperature, poured out on 
a marble slab, taken up with water, and the insoluble material 
filtered out. By dissolving the basic salt in II N< b the process 
may be repeated and a series of fractions obtained similar to 
those formed by fractional crystallizations. 

It is evident from the principles upon which these fractional 
methods arc based that only by long continued r<:|>etitioii can 
anything like a pure product be obtained. In very few eases 
will a single method suffice to yield a pure compound, Almost, 
always the, worker is required to select a combination by which 
the desired element is separated first from one neighbor, them 
from another. 

It is to be observed that any fractionation method is waste- 
ful of material. When it is considered that the original ore 
contains only a small per cent of mixed rare earths; that. <cf 
this mixture only a small per cent of a certain clement is present ; 
that in the, purification of that nlenumt thousands of fractiona- 
tions are necessary ; and that at each step some of t he. desired 
material is lost — when these facts are considered, we can 
understand why the chemistry of this group has developed 
slowly. Large quantities of expensive materials are required 
and a tremendous investment of time and labor is involved. 

As any method of fractionation continues it is essential to 
watch the composition of the fractions in order to know what, 
effect the treatment is producing. This is done in several ways ; 
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Kiti .f.irlury liif.iiis of »]>«■ purity of .any material. The 

M*l*-et«d f-,i *|* t* i uutnny Hi*- atoiuir weights should 
j v*- k»m»| rnrnpaiiii iv>- i* nil *, hut in-t-i] not irivi* absolute* val- 
ue:-. tiltviuii h i I*i- tnanm-t <>f controlling fiiiliuiiadoiis' is 
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nirih i < ••iiiitioiil v a m ill <hi* *'i - \ i - 1 * m sjs-ctrrisro|>e is 
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itf i h*- n-i -1 imiii 1 ‘liotogtuphi*- *-\ iimii ii ion of die are, spark, 

ur flame **]H-r«rii give* tit*- inoi-i :i«-*-nrat«' and must rriliral data 
run** rniiiK de* pnritv *>f am ui-ii*nd. M» Another method of 
estimating th>- i*latn'- *>*nij*<*<iiion *>f a mixture of two oxides 
is by mean* of do magic-ii*' *>o***< pttl.iliH . The ram earth 
el'-ni' iit * *litf< r tome wi*l* lv from mie meitiii-r in their magnetic 
|)i*i|»-i lies than m miv oile r nay. ■•<iiin-i|»l»-litlv this method is 
capable "1 accurate me! • lle i* ni n**- m controlling fho system 
of fractionation. After tie- apptnotMs hoe Jseli oner adjusted, 
determination** uta*. 1«- mad*- rapidly mid arroriilrly, 

Separation of the Cerium Group Tim tx***t method for 
the preliminary separation >.f the mcutls'r* of di«* eerinm group 
from eai'h other is the fractional riysiolluwifiun of I he double mag- 
fi'-intiut nitrate of tie* formula 2 IviNO«H* *t MgfNO*)* *24 H|0, 
Th<* cerium group nitrate* nr*- mixed with the rnlrulu ted amount 
of Mg N<M» alel ***il <p*ri»->) to fractional <rv*t alligation. After 
some time it i>* noti. eil that the fractions begin to develop dis- 
tinct tailors as the < ry»t alluai i**n pr**gr«-ss«‘s. The elements 
rr> xtalbre nut m tin- i»r *l«-r *how-n in Table XX. which gives 
also the »to»me weight* and the color* of the salts. The frac- 
tional rryMiiiilisntn*n of the double nitrates disn nut give sharp 
separation* nnd ranriot I#* n***d al< <ne for the purification of 
tlw-'M* salt*. Hut the separation of neodymium and samarium 
m this way i* faulty satisfactory. Aglanct* at the table shows 
th>- rather reui.aik.ub!>- fuel that Un*wder of increasing solu- 
bility u« exactly the order of increasing atomic weights. 

Jstnifvtn a w m one of the most easily purified members of 
tin- rur«- earth group ls-rmis** it nr the most fuwur of all the group 
and because it* *«|p» are the least solid dr. Pure lanthanu m 
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Table XX 
Cerium Group 
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material may be obtained by the long-continued fractionation 
of the double magnesium nitrate or the double ammonium 
nitrate; other methods used effectively are: (I) the double 
potassium carbonate, after the removal of cerium ; (2) saturate 
ice water with impure La 2 (SO<) 3 , then warm gradually ta 22°, 
when pure lanthanum sulfate crystallizes out. 

Praseodymium is difficult to obtain in pure com pan a ds both 
because of its scarcity and close resemblance to other elements. 
The best methods of separation are as follows : ( 1 ) Hot. out from 
a double magnesium nitrate scries such fractions us contain 
only lanthanum and praseodymium ; continue the fractiona- 
tion of the same salt or of double ammonium nitrate. Praseo- 
dymium appears at the soluble end, but usually neodymium 
appears there also, even if its presence is unsusfjoo.ted at first. 
(2) Remove from the magnesium double nitrate series the frac- 
tions which contain only praseodymium and neodymium and 
continue the fractionation as the manga new: double nitrate, 
when praseodymium separates in the leiist soluble portions. 
Other methods used are: Crystallization of the oxalates from 
nitric acid ; of the double ammonium nitrate or double carbonate. 

Neodymium, being one of the more abundant rare earth 
metals, is more easily obtained in pure compounds. The last 
impurity to be removed is usually praseodymium, which is 
separated by the methods already given, The following methods 
are also valuable : Fractionation of the meta-nitrobonzoate, 
of the simple nitrates in strong nitric, acid, or the fractional 
precipitation of the chloride by IIC1 gas. 
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Ax the erystullizat ion of f lit* hrnmntes continues the elements 
arrange themselves in tin* order shown in Table XXI, which 
places I he least .soluble first. The atomic weights nud pre- 
dominating colors of the salts are also shown. Annin there is 
a strikingly close relationship hetween the order of solubilities 
and the increasing atomic weights. The noticeable exceptions 
in the ease of yttrium and scandium have led to the suggestion 
that these elements should not he considered as typical irieiiihers 
of the rare earth group. 

Taiii.k XXI 
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Terbium is found in rare earth material in exceedingly small 
amounts and its purification is unusually difficult. For the 
complete separation of terbium from other elements, several 
steps are necessary. After a long fractional ion of a bromide 
series, the terbium fractions are last subjected lirst to fractional 
crystallization of the nitrate from nitric acid in the presence of 
bismuth nil rate, then by crystallization of the double nickel 
nitrates, nnd finally by fractional precipitation with nmmonia, 
/n/s/cowio/f in n fairly pure state may tic prepared l»y hmg 
continued fractionation of u bromide scries alone. More rapid 
results and probably n more nearly pure product is obtained 
by the fractionation of a simple nitrate series, a double bismuth 
nitrate series, or mi ethyl sulfate series. 

Uuhuiitm is one of the more rare elements and it is a par- 
ticularly difficult one fu obtain in pure form, on which account 
its individuality is still somewhat doubtful, 'flic purification 
involves several steps, such a* crystallization of the wi-nilro- 
Ihciizciic sulfonate*, of the simple nitrates, of the double am- 
monium oxidates, and finally fractional precipitation with am- 
monia. Concentration of hoimium may also la* accomplished 
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by using an ethyl sulfate, series, fractional precipitation by sodium 
nitrite and especially fractional decomposition of the nitrate, 

Yttrium is one of the most abundant rare earth elements 
and its purification is easily accomplished. Yttrium fractions 
from a bromate series are freed from dysprosium, holmium, and 
erbium by fractional precipitation with ammonia, K 2 Cr 0 4 , or 
NaN0 2 . The latter is probably the most effective. Yttrium salts 
give no absorption lines in the visible portion of the spectrum, 
consequently the removal of holmium and erbium is easily 
observed by the direct vision spectroscope. 

Erbium may be prepared from the erbium-yttrium fractions 
of a bromate series by methods similar to those used in puri- 
fying yttrium, except that erbium is concentrated in the less 
basic fractions. Fusion of the nitrates gives a rapid separa- 
tion of these two elements. 

Thulium in a fairly pure state may be obtained by the long- 
continued fractionation of a bromate series. The separation 
of erbium and thulium is fairly satisfactory by this method 
alone. According to Welsbach 1 thulium is a mixture of three 
elements which he designated as thulium I, II, and III. Prob- 
ably no better thulium material has ever been obtained than 
that prepared by James 2 using the bromate method, which 
gave a homogeneous product after 15,000 operations. 

The difficulty experienced in the preparation of pure thulium 
illustrates the fact that separations are extremely difficult from 
the soluble end of a bromate series unless an element differs 
noticeably in basicity from its neighbors. 

Ytterbium (or neo-ytterbium) may be separated from lute- 
cium by the fractional crystallization of the ammonium double 
oxalates in concentrated ammonium oxalate; or by the frac- 
tional crystallization of the nitrates in nitric acids ; or by the 
difference in the volatility of their chlorides. 

Celtium was isolated from the soluble end of a series from 
gadolinite by fractional crystallization of the nitrates in nitric 
acid. Its compounds have properties intermediate between 
those of scandium and lutecium, Its atomic weight has not 
been determined, but the atomic number 72 has been assigned 
to this element, The discovery of hafnium, a close relative of 

1 Zeit. anorg. Chem. 71 439 ( 1911 ). 

* Jour. Am. Chem. Soc. 33 1333 ( 1911 ), 
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zirconium of atomic number 72, has raised a question concern- 
ing the existence of celtium. 

Lutecium (called by Welsbach cassiopeium) may be separated 
from the old ytterbium by the fractional crystallization of 
the nitrates, the double oxalates or the bromates, in each case 
the lutecium salts being more soluble. 

Scandium is usually present in rare earth minerals in small 
amounts (the rare mineral thortveitite containing 37 per cent 
SC2O3 is an exception). It collects in the soluble end of the bro- 
mate fractionations, but it is easily separated from the other 
soluble salts by the fact that it is the least basic of the whole 
group. Consequently, fractional precipitation or fusion of 
the nitrates concentrates the scandium rapidly. Scandium 
may also be precipitated from boiling acid solution by sodium 
silicofluoride ; its double ammonium tartrate and double potas- 
sium sulfate are also difficultly soluble. 

Metallurgy. — The metals of most of the cerium group ele- 
ments have been prepared, three general methods having been 
used : (1) fusion of the anhydrous halides with sodium, potas- 
sium, calcium, or aluminium ; (2) electrolysis of the fused chlo- 
rides or of a solution of the oxide in the molten fluoride; 
(3) heating the oxides with magnesium, calcium, or silicon. Re- 
duction with aluminium has also been tried, but it is not satis- 
factory except possibly for cerium itself. Electrolysis has been 
the most successful, the other methods usually giving at best 
an alloy. 

The yttrium group metals have never been prepared in pure 
form. Impure yttrium has been prepared by methods similar 
to those used in preparing the cerium group metals, and a mix- 
ture of yttrium group metals has been made by action of finely 
divided sodium upon the metallic oxides. The difficulties in the 
way of preparing the yttrium group metals are mainly two : The 
metals have much higher melting points than the cerium group 
metals; and (2) the chlorides are easily volatile. Reference 
to Table XXII will show that in the cerium group the melting 
points of the elements and the chlorides are of the same order 
of magnitude ; while in the case of the yttrium group elements, 
the metals meltat a much highertemperaturethan the chlorides. 
Hence, any method involving the fused chlorides is difficult 
or impossible because of the freezing of the bath. 
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Table XXII 

Properties of Rare Earth Metals 
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Electrolysis of the fused mixture of the rare earth chlorides 
is a process of considerable commercial importance producing 
what is called misch metal. (See Chapter X, pp. 170-172.) 

Properties. — Cerium group metals resemble each other 
closely both in physical and chemical properties. They arc 
white or slightly yellowish in color, moderately stable in dry 
air, but tarnishing in moist air, lanthanum oxidizing most easily. 
Compared with some common elements they may be arranged 
in the order of increasing hardness as follows : lead, tin, cerium, 
lanthanum, zinc, neodymium, praseodymium, and samarium. 
Cerium may easily be cut with a knife while samarium has a 
hardness comparable with steel. They decompose water slowly 
in the cold, quite rapidly at the boiling temperature, hydrogen 
being evolved, At higher temperatures they show great affin- 
ity for oxygen. Their oxides have heats of formation compara- 
ble to those of alumina and magnesia. Hence, they are power- 
ful reducing agents. They dissolve in dilute acids easily and in 
general they unite directly with hydrogen, nitrogen, the halo- 
gens, sulfur, and phosphorus. They alloy readily with such 
metals as magnesium, zinc, aluminium, and iron. 

Uses, — Few uses have as yet been found for the rare earth 
metals or their compounds, A mixture of the metals contain- 
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ing roughly 50 per cent cerium is used under the name misch 
metal. (See p. 168.) Compounds of neodymium and praseo- 
dymium find a limited use in ceramics, where they are used to 
produce certain color effects. Neodymium phosphate pro- 
duces 1 an amethyst red color in porcelain, while the praseo- 
dymium salt produces a bright green, and various mixtures give 
many beautiful shades. The oxides of the same metals are 
used in the manufacture of blue optical glass. Neodymium 
tungstate produces a bluish red color in porcelain. A mixture 
of neodymium and praseodymium nitrates is used for stamp- 
ing the trade mark on incandescent gas mantles. (See p, 188.) 
The salicylate of these elements is sold under the trade name 
fl Dymal " as a soothing antiseptic dressing for wounds. 

Compounds. — A surprisingly large number of compounds of the rare 
earth elements has been prepared. This is probably due to the persistent 
effort to find combinations which would permit easier and more efficient 
separations than the cumbersome fractionations which have always been 
used. The most important compounds are enumerated in the following 
summary : — 

Oxides of the type R 2 O 3 arc formed by all rare earth elements, by the 
ignition of the hydroxide, nitrate, sulfate, carbonate, or oxalate. In general 
the basicity decreases with increase of atomic weight, though yttrium and 
scandium are exceptions to the rule. The basicity of lanthanum ap- 
proaches that of the alkaline earths, while scandium is about as basic as 
aluminium. 

Cerium forms the oxide CeOj, which is more stable than CejCV, the 
series of ceric salts are well defined and stable compounds. Both praseo. 
dymium and terbium give higher oxides but neither of these forms a 
series of salts. Terbium peroxide has a brownish black color and is the 
most highly colored compound of the group. 

The hydroxides are precipitated in a gelatinous mass by the action of 
the alkalies upon the hot solutions. If the alkaline solution is added to a 
rare earth in the cold, the precipitate is usually a basic salt or a mixture 
of the. hydroxide and basic salt. The hydroxides are not soluble in excess 
of reagent, but dissolve readily in acids and generally absorb carbon dioxide 
from the air. 

Sulfides R 2 S 3 may be formed by the reduction of the sulfates or by the 
action of H 2 S gas on the hot oxides. They are not formed in solution. 

Carbides RC 2 axe prepared by reduction of the oxides by carbon in the 
electric furnace. When moistened, the carbides give a complex mixture 
of gases, of which acetylene, hydrogen, ethylene, and ethane are the most 
prominent. 

Halogen compounds axe soluble except the fluorides. The chlorides, 

1 Ber, deut. Keram. Gee. 1, part. X, 24 (1920). 
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the best known, are easily prepared by dissolving the hydroxides, ea 
bonates, oxides, or, in some cases, oxalates in HC1. They form crysta 
of the formula RCl. • 6 HoO (an exception is praseodymium which givt 
PrCls • 7 H 2 0). Basic chlorides are obtained by heating the hydrates to 
temperature around 120° C., but if the heating is done cautiously in i 
atmosphere of HC1, the anhydrous salts are obtained. The chlorides she 
little tendency to form double salts with other metallic chlorides. 

Cyanides of the simple type are unknown. The addition of KCN to 
rare earth solution precipitates the hydroxide. Double cyanides a 
sometimes used in separations of rare earth mixtures. For example, wlit 
K 4 Fe(CN)« is added to a solution containing yttrium KYFc(CN)« • 3 H»0 
precipitated as a gelatinous mass. 

Chlorates of the yttrium group only have been prepared, best by adilii 
E 2 (SO,), to Ba(C10 3 ) 2 , when there is formed a hydrate of tho forma 
E(C10 3 ) 3 - 8 H 2 0. The bromates are similar and are of great service in t) 
yttrium group separations. 

Sulfates are formed with varying amounts of water of crystallizatio 
For example Ce 2 (SO < ) 3 forms hydrates with 12, 0, 8, fi, or 4 molecules 
water. The solubility of the sulfates decreases with rise of temperature ■ 
a fact utilized in fractionation and separation of rare earths from otl> 
elements. 

Aeid sulfates are formed by using an excess of acid and on heating the 
normal sulfates are formed. It is doubtful if all the excess acid can 
expelled without partial decomposition of the normal sulfates. Bas 
salts of the type RA • SO, are formed by heating tho normal sulfatf 
These reactions are of much importance because many rare earth atorr 
weights have been determined by the use of tho sulfates. 

The double alkali sulfates are used in separating tho yttrium and cerii 
groups. The ethyl sulfates are very useful in certain separations, but th 
are rather difficult to form and they must be handled very carefully becai 
they decompose easily, even at room temperature. Sulfites, thiosulfat 
dithionates, selenites, and selenates of most of tho metals have been p: 
pared. 

Nitrates of the cerium group, R(NO»), • 6 HjO, are crystalline but the 
of the yttrium group** which contain 3 or 5 molecules of water, are r 
easily obtained in crystalline form. These salts are deliquescent, solul 
in both water and alcohol, but difficultly soluble in HNO,. The solubili 
in HNO, is greatest in lanthanum, diminishes to a minimum in gadolinii 
and then increases again. This fact is very useful for certain fractionatio: 

Basic nitrates, insoluble in water but decomposed by acids, are form 
by heating the nitrates. This behavior is of great importance in I 
separation of certain elements. 

Double nitrates of the cerium group are easily crystallized. Th 
stability decreases gradually with rise of atomic weight of the metal, a 
in the yttrium group crystalline double nitrates do not form. Ck 
sequently, the use of the double nitrates in fractionation is limited to I 
cerium group. 

Phosphates axe precipitated as a gelatinous mass when a solution of pb 
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phoric acid or alkaline phosphates is added to a solution of rare earth salts. 
The phosphates, especially the complex salts, are found frequently in nature. 
For example, monazite and xenotime are orthophosphates. 

Carbonates are formed by passing carbon dioxide into a suspension of 
earth hydroxides or by adding an alkaline carbonate to a neutral rare 
earth solution. 

Basic carbonates and double carbonates are formed by some of the 
rare earth metals. The stability and solubility of the latter class of com- 
pounds increases with increasing atomic weight of the rare earth metal. 
Both the sodium and ammonium double carbonates are less soluble than 
the corresponding potassium compounds. These salts are likewise useful 
in fractionations. 

Oxalates are of prime importance because of the fact that the rare earth 
oxalates are insoluble in acids. Hence, the addition of oxalic acid to a 
solution containing rare earth salts and free mineral acid furnishes a con- 
venient method of removing the common metals. The rare earth oxalates, 
however, absorb many salts from the mother liquor, and repeated precipita- 
tion is necessary to remove the alkali and alkaline earth elements. Best 
results are obtained by bringing the solutions together at a boiling tem- 
perature and stirring vigorously as the solutions are mixed. A large 
number of precipitations will remove all but traces of the alkali metals, 
but one or two precipitations with ammonium sebacate will accomplish 
the same result more quickly. 

Double alkali oxalates are formed by the elements of the yttrium group. 

In addition to the compounds listed in the foregoing tabulation a very 
large number of salts of the rare earth elements have been prepared and 
more or less thoroughly studied with respect to their usefulness in the 
separation of the rare earths. Among these salts of minor interest may be 
enumerated the following : chromates, molybdates, tungstates, uranates, 
columbates, formates, acetates, tartrates, benzoates, succinates, hippurates, 
citrates, glycollates, cacodylates, and phthalates. 
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GROUP III — GALLIUM, INDIUM, THALLIUM 

The metals of the aluminium sub-group are permanent in 
the air at ordinary temperatures, but when heated in oxygen 
or the air they become coated with their oxide. The volatility 
of the metals increases with the atomic weights, and the heavier 
metals are more easily reduced than those of lower atomic 
weight. The metals are all malleable, fusible, have small 
atomic volumes and form hydroxides, M(OH) 3 , which are typi- 
cally amphoteric in the first three elements of the sub-group and 
basic only in the case of thallium. The last four members of 
the family form alums, and both aluminium and thallium form 
organo-metallic compounds, resembling zinc in this respect. 

The typical valence in this sub-group is three, but gallium 
forms a chloride, GaCl 2 , while indium forms two sub-chlo- 
rides, InCl 2 and InCl, and thallium forms four chlorides, TICI 3 , 
T1C1 2 , TLCI 3 , and T1C1. Thallium forms a whole series of 
univalent salts which are more stable and better known than 
its trivalent series. The thallous compounds resemble the anal- 
ogous compounds of the alkali metals. 

The physical constants of the members of this sub-group 
are shown in Table XXIII. 

Table XXIII 


Properties of the Aluminium Family 



Boron 

Aluminium 

Gallium 

Indium 

Thallium 

Atomic Weight 

10.9 

27.0 

70.1 

114.8 

204.0 

Specific Gravity 

2.45 

2.7 

5.9 

7.4 

11.8 

Atomic Volume 

4.5 

10.0 

11.8 

15.5 

17.3 

Melting Point 

Above 2000° 

657° 

30° ' 

176° 

285° 


Gallium 


Historical. — Special interest attaches to the history of gallium because 
its existence, properties, and compounds were predicted by Mendeldeff. 
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Within five years after he had made an extended list of the properties to 
be expected in eka-aluminium and its compounds, the element gallium was 
discovered. The prompt fulfillment of the prophecy did much to strengthen 
faith in Mendeldeff's generalization. 

Lecoq de Boisbaudran, while examining some zinc blende from the 
Pyrenees in ^875, discovered two new lines in the violet of the spectrum. 
This led to the identification of the new element, for which the discoverer 
suggested the name gallium, after the old name for France. 

Occurrence. — Gallium has been found to be widely dis- 
tributed in nature but always in small amounts. The richest 
source known is a certain English iron ore which is said to con- 
tain 1 part in 33,000, Another one of the principal sources is 
the Bensberg sphalerite, which contains 0.016 gram per kilogram. 
It is present in zinc ore generally, in some pyrite deposits, 
and manganese ores and in many iron ores, especially mag- 
netite, but not siderite ; it is said to be a constant constituent 
of bauxite ores and generally of kaolin. It has been detected 
in certain mineral waters of France, and its presence in the 
sun's atmosphere has been shown. The principal source of 
gallium in the United States has been from the zinc deposits 
of Oklahoma. 1 During the war the high price obtained for 
pure zinc encouraged the redistillation of the spelter. In this 
process a small residue was obtained representing 0.5 per cent 
of the spelter. The residue was largely lead from which a small 
amount of a gallium-indium alloy was separated by sweating. 
From this material much of our recent information on both 
gallium and indium was obtained. 

Extraction. 2 — (a) To extract gallium from an ore, the ma- 
terial is ground to a fine powder, dissolved in aqua regia, and the 
excess acid expelled by heating, Cool, add zinc, and filtet off 
the precipitated metals, then boil for a long time with zinc, 
when a basic gallium salt is precipitated along with aluminium, 
iron, zinc, etc, 

( b ) From a lead residue, gallium and indium may be extracted 
by dissolving the material in nitric acid, and evaporating to 
dryness, Add 1 : 1 sulfuric acid to form lead sulfate ; then 
filter and add NH 4 C1 and NH 4 OH, which precipitates the 
hydroxides of gallium and indium. 

* Jour. Ind. and Enp. Chem. 8 225 (1916) ; Am. Jour. Sci. 41 351 (1916). 

2 See Dennis and Bridgman, Jour. Am. Chem. Soc. 40 1531 (1918) ; Richards 
and others. Jour. Am, Chem. Soc. 41 131 and 133 (1919) ; Porter and Brown> 
ing. Jour, Am. Chem. Soc. 41 1491 (1919). 
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(r) From ziii" fim- <br * i •* »i I j frdhum :in»l no ainuii jii i v 
lie* ol (I a i »u *< I 1 * * * I iy i|om>1 vik" i li<- m:i<* i ill »i :*n » v • * *f » * *n i- 

i Here i:i I fit *1. mldiim ;i iiH|>- K< |< > 'Irtilli";* < *■ ronmom 
liintilb' tivi-r : 1 1 1 < 1 ifin i iu;»y h*- '••ji;n,i»‘ *l fi**in th< i- m.iiniiiK 
Holiitiuu. , 

Purification. Siu«->- tutUiuiu in n*>t :»?<•! ! - H S u» 

arid solution il i* •vi'-ilv >.»-ji;h-:»»»-»I fi'-iu 1* »-I. «*«pjM j iii*r< | uv, 
jutfi •.Urfiiif. It i> .* *“j iiir:> l* 'I from no in I » • <1 *: * ! * /in* in iii* 
Ktinesr, and tli<- .'flKaliu*' It* I* * li»- f %* ’ di.it it r j if » •• ij*it;it< .( 
by N'I1 4 ()H in iii*- |ir»"-«-iii-** >*f \li,’ I it i I* I fi*<m ir* *Ji. 
titanium. llmlli" «*i »ui| *» - . iii.-ioinm, u i« Iintn . ;uci t J** - tor** 
wivtliH l»y tin- !*nlui»ilit v of it * livdrr<xid»- in N’aOjI, t iir*»inii)in 
and vanadium limy In- l*v im-ain* <*f <>M*li/tny a (.*< 1 1 1 >* . 

(ini!) inn i“ K**p:ir;itf«I from nhituimuiin «hi oiniuiu, and 1« r vl- 
limn liy tin- niMiti<m iif K*F<- <’N « t** n v>hiti'*n ‘■•mtuuuntt 
nmi'h lit 1. wln-ii f »;if*TViT 'N «i t i« fir* i-ijiitat. *1 From t It** 
fcrriiryimidf tin* gallium may !»• r*r<*v<Tni by 1 do-M-Jving 
in alkiili mill bubbling in f t > 3 , w ii'-n :t Ii.-i.mi* i-.illiutn carbon.'it" 
|irmj>iliitc* ; nr, f'J i if /in*- i" nli*>i)t. lit" f» trot vmud" rmv I*- 
nxidizod to fori iovnnid" l»v in alludim- ** *Iu» j* >u , ih*n 

NH|('l nml NU,c >11 adth-d. Tin- j<f* » ijotat* >1 ti.iftllh i« 
free from rynnid"*, 7 

Tin 1 m i mrnt ion of /.ini' and gallium tuny 1» n*-i-»>»tij»li*-l»* «I by 
prrcipitnlirm (U»<Oll i, with m tli« po** ii<*- of NII,i 1, 

bill tl«' gflnliiiuu* j*r» i i|iit:it* ndii'-n - I *;i«IIy to tli<- »)«)** of tli»* 
cltalt, filter* slowly »ud »i"i'lml"H *mr «.ult .** . Anutb'-r im-tbod 
of wpariiting gallium nn<t /im m to j*o i jj*itnt" tin- latter with 
potnmuin mercuric tliioevanub'. tli«*n j*r»- •nfnlnt*' tin- » \i'« kh 
mercury with HjS nml th" gallium with Nn>5<t, tn tin- jit.-« ri<*' 
of HC1. (•allium mny in* m-jumiiml from h *m«ll iinimuit of 
zinc by adding XnllHt), or XiiJlSf b t« « m-ittrnl or slightly 
acid xolutinn nml Uuling. when tin* gallium in pmi|utat"t| 
(•allium nml indium may lw M-parated by th" solubility of 
(JnfOH), in an exce** of XnOU or KOI!.* by passing a eurr**nt, 
throiitth a solution of their wills. indium separating first ; and 
alao by fractional cryMullizntion of lb" nnmtotuum (talliuiu* 


I Fot* *nH Jsni"*. Jmtt 4m t’hm .<<■* 41 t*t> OUldi 

»J’i>rti'r Nti>! Ut’>*tnna, J Hlt t Am i'krm .W 41 II) !»»/)) 

1 Ttil» wwltiwt *)*>** mil r*-|i«*v<* alt i|*f Itxlium UirH*ol» «tt<l lltiyo. Javt. 

Am, Vhrm, ,<ior, 41 in UOItt). 
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“is, the Ki'lli'nn separating at the insoluble end. It 
d also l lt;tl gallium and indium metals may he aepa- 
irulangcd heating at |.X(K)°. Gallium, indium, and 
■ separated hy fractional < list, illation of their chlorides, 
■i ul - 1 5 220', hut it may he sublimed in a vadium 
•nil tiro as low us 05 .SO"; InOla begins to volatilize 
1 distills niflier slowly at 000°; ZnCl 2 bolls at 730°. 
gy. L'coq ile Hoisbaudran exhibited, at (.he Paris 
in lx7\ |>2 grams of met al lit: gallium which In; had 
rum 2 UK) kilograms of zinc, hlende, Ilis method of 
t was the electrolysis of an alkaline solution of a gui- 
Tliis is still the I test, known method of producing 
it. Sometimes the metal collects on the platinum 
n tin 1 liquid state und sometimes in the solid, as a 
ifnct with the solid phase docs not always start the 
he Iris*, but cooling the bath with ic:o causes the tree 
riic trees formed on the cathode are hard and stable 
hey are kept at least 10” below the melting point. 

$ 8 . — Metallic gallium is gray or white., but shows a 
on its bright surface. It is a brilliant, diamagnetic 
a striking metallic luster, binning a splendid reflec- 
, however, tarnishes quickly. It is tough, hut soft 
is* cut with a knife. Its melting point- as determined 
Is is 30”, 8, which is somewhat higher than previous 
ions. The latent heat of fusion is 19.03 calorics 
of metal. Molten gallium resembles mercury in 
*, and the metal has the ability of remaining liquid 
(h it is undercook'd ns much as 30®. Gallium ex- 
solidifying. It has been suggested that this prop- 
to the presence of impurities, hut the most careful 
dichards shows that the solid has a specific gravity 
id the liquid of 0,095. The liquid is electro-negative 
id. Liquid gallium has a coefficient of compressi- 
* of 3.97 X 10~*. while the solid has a value of 2.09 X 
e compressibility of the liquid is almost identical 
»f mercury, while the element conforms to the almost 
txperienc© that the compressibility of a solid is less 
sf its liquid. 

< See Am, Jour, Hoi. 43 (IV), 389 (1919). 

* JW. Am. Chrm. Hoe, 43 274 (1921). 
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( 'i.'illiwiii has n«ly jdiirht ii| « ut *-»*!» I w\a»*r, l>ut ,ut the 

lntiiiii£ IrinjM'mt ni-c l In - ) viy»»r*»n 1 It n-iiinin* 

uncluiUnfil iii tlii 1 air .'M m*lin:o.v irin|M-raf hi i- , l «nt wle'Jt leaf'd 
il uxidizis Mi|«Tlii‘i i!l\ . ;i|»li>tnr*ii it d»**-'- n<*i hurti a? r> d leaf, 
It dissolve* in dilute 1 H "I m Natdl. hl>*i*tiity Iiv doiy* n. 
In lit "I tin- Miliil r*Mi jut.) m»>re qui>-Mv than * l»* r 

liquid. < 'nlfl ililuif tiitri' 1 acid It hit I*- ' iT< *•! uj*.u i< Mu' wle n 
wnnui-d the iieid jin.n«-l»> tit*- tie-tal si* •«!'.. Aqua i'V>i r t 
splendid solvent, while .'uumoiiia *li -*'*lv* it lowl;. 1* »i in r* u 
rapidly with rlilmin*-. t*i* »r -• slow ly «;• li hr«iimii< , hut will t>- >t 
unite willi indiiH- until it i li» and. 

Il allriVN rendilv w itfi .'doioiitiuin. and tli* •- .'dh*v‘> :tr< '*a;d tu 
tlprnmpuM' I'nld water middy. I h* : 1 1 1 < *'. - tn li Hi (.odlmin ;,i<- 
liquid. Il midilv alloy* td*n with indium. 

Uses, (liilliiiui ha* mi «•» umu* i* i d «*..-** a* pn *• m It 
luirt Ini'll HUUKi-Hti-d t hat th*' ir'dli'mi-dnininium alloy would 
ftiritt tut eflU'ient ftith»«l" in a HJi'lal vapor lamp.’ I* iniyht 
nlso he fi jl in maiiiifaituniii; *»j»t »*■:*! muim*. It* ti«< hi 
hijjh liMiijifrrittin - 1 1 - not I* :»>:iltl< !-< * am* th.- hqnjd 
WOlU Irtitll t*|-i«* and quart/. 

1'rohahly Jin- most |ir*atiiiiiiir Mtuyi *.f*d ti*-** «•! pallium w* m 
coiHlfctiun with the population >\i a mono. h<<*m;.ti< lauqt, 
A Klllliiim-fiiilmitltu :»Il* •*. eontamitiy J \ j« r »* td pallium w 
distilled nt O.OOl tntii. prfiitir*' into 'In latup Tin**- atiq* i* *• a* 
110 Volt* lire I'HiiMimeti. Sittd a pure r*d hphf <*! » ,rv»- length 
\ fiUJO is pr< nil in -il. I h«' lamp li* •** 1 po heating at th* it ail. 

The funt'linn of th«* pallium *«a-iiiH t.i 1«- tu *<4t* n th* rad- 
initHil, in order lu prevent injury to th* lamp ivIm h tie* rad* 
inium solidifies, 

Compound* The r*iin[***<lfet» <*( gallium r< ** rf,l.!i- «,f ..himsiimii; 
ijilltj' rltmelv, nllhmigh lller*- >* * «n»ul* c*'*l*- rieh-re*- <4 a *l,glttlv ulmiigii 
husirity 

The „f gallium, t i»i,t >» |tO |ia|, *l la iRfuiitiR the hvdmteh «j 
nitrate. It i» while, Hifu»it.li. at |<*I lief, i ahii'<*i in»*,I*il*|e , 1 , t«.t), »/,4t 
tuid nlkalm* after it lee* l*eeu n<mt«*lv ignited |i m*v tr mlinil »,(J| 
hvrlmgcn to n e>i|ifewil t in* r. **r l«< ihe metal When imir>| 

with the ox eh* of *mmnn mu or »f *|ir*«uuim, <' I «■**», (,/-♦ |4il«|i)i*>f<!»iT(il 
limh-r lh»' infllH'liri* of ll)»< ratlimlv ra, » 

'lht'hlf<ttnru{r, prtn*imalfli- tin ft Ilf ft. t* pre* )|i|t.atn| »» a white 

< 4m J-i > if *v> it <|Vi. :i*t* qauq. 

*Otr. /‘at. Zrnlt-M2)4*l (ttllll/ I 7u4 



INDIUM 119 

iicii't nu*«a hr iiiuuioDiu. Ii is readily soluble in the fixed nlkuUcfl and 
only slightly i.t«l< title in excess of numuitiii). 

Tli- >•*1™/*. is prepared by dissolving (in,O a in IlNOj. It 

is di li*ni<-«'i-iil and i* r*inipletrly decomposed at 200", giving Mmoxido. 

'I in- rhl'rri'lm, flat'll and < Jilt ‘1^, are funned. The latter is prepared liy 
hinting Hu- lit M nl in hydrogen chloride ur chlorine. It is crystalline, 
* l*-lifj>n*.'i»'«*»»i , mid velds n elixir solution with n small (innnt.ity of water, 

I ni a difficultly soluble I nicer salt, with a In rgrr ainoimt, of water. The 
ih»lil»>ri*le ix termed by the net inn of (he metal iih the trichloride. 

thdlinm (xriif.x Ihe bromide and iodide (hiXj hy di rent combination of 
the dements. 

The W/'ife, DfijhSO.io is soluble, is nut deliquescent, and crystallizes 
with lUnlontiiuni, i&ilKsciniii, rubidium, caesium, and thallium ('ll 1 ) to form 
alouct The cue •nun ilium in used for (he scpiiral ion of gallium and indium 
!•> fractional t-ry-f iillizutioti us well us for iniern-elaimie.nl analysis, 1 

The /rrr«ir*/iiji»/v. 1 5u«f T'f*fC IN),).,, is precipitated hy adding K<Fn(0N)a 
to a gallium solution nmtuiuiug one third its volume of concentrated 1X01. 
lliix is a eh<ir.v*t*-rixiie reaction, mu-fnl in the separation of gallium and cap- 
able of deli rium ax little its tt.OOOl gram uf tho (dement. 

Detection and Estimation. < milium in Ih-hI delected spectroscopically, 1 
the •quirk spectrum showing two bright lines in the, violet, lit. X 4171 and 
x 10.11, My this method 0.<Kt:t milligram of gallium may ls> dotoctwl in the 
[iri- .-m t-of t IV! milligrams of indium. The fallowing are ((ualitutivo tests : — 

A pure gallium mill is not pnsupituted by lljH, but in u. faintly noid or 
ulomumai-il solution eontaining silver, Stine, inangiuiese, ur itrseiiious 
suits, ( JtiiJd, is completely precipitated along with tho other sulfide. Boiling 
it neutral or slightly arid solution of a gallium salt with Nil I ISO j or 
Nil illSl I* prislorex a preripitatr, hut indium must Imj absent and zinc 
present in nut too large a pruimrtion,* 

(iatOlf)t is precipitated hy Nl(«OII, (N T If,),C',0», or tho carbonates of 
the alkali or alkaline earth metals, or by Isuling with an excess of precipi- 
tated cupric hydroxide. The prceipitute is solnhle in the fixed alkalies. 

A delimit* test fur gallium is t he precipitation of Ga,(l , '(!(t/'N')j)> by add- 
ing K, !•>«>'„ to n gallium solution eontaining HU jwr cent hy volumn 
of ct tiler lit rilled Ilf T. 

The <|UIII|HI olive estimation of gallium is usually ancomplishod hy 
pnxipitHting the hydroxide, (nun a [Sire solatiun with a slight oxeess 
of aramuntn, boiling to expel the excess precipitant and finally igniting 
the hydroxide to (hi|Oi. Precipitates ohtaiimd hy adding NalLSOf or 
NTIfllHt), may also 1st ignited to tlajO*. 

Indium 

Historical. ~ In 18(13, Iteieh and Itichtor went examining some zinc 
sulfide from Freiberg, when they olstervml two new blue linos in the spark 

1 For tit* arc spectrum of gallium sue Ulilcr and Taur.h, Actrophy J, M 291 

mm. 

1 1’orter and Mruwuiug, Jour. Am. C'htm, Hoc. 41 1491 (1910), 
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i.JICf* rdlll. I >**111 III** J'I» ll«:|ii-ri *1 Cli*'. > . - !• . I ifl > .1 It* w 

melathi* <I»-ui*-iiI, for tv In* It tii* v | .r>*i ■ •! ili- ti nil,- t>i iii'l.'iii,, . iKf.; 

m-liK" I >Ihc. 

Occurrence. Indium, on*- of tin* rar* t »»f net ah, i- 
in minute uniximi > in ;i hu r r > uiiiol*»-r of mineral l le amount 
never i'xi'i 'ril,' ,'a tif I ji* r cent. It j- ill rn* *- 1 

zinc Metrics and ini mo**-, in nune* tt*>n **r* ■■■•. * • p* < i dh Hid* t it*' 
frlixl iiicl from I'-illi'iiu > ; in **•»!»*<• itcinc'iti* 1* .•*•!» :in»l tuny- 

xteii (ifi'S i it hu i ,*il *i 1 1* * "Ti / f» *1 » ••!» 1 1 Hi 1 1 !*-• :it lii*f j i)j» t> *»f 1 li** 
mm. Tin' jiiiiii i j cvt Mitifc*- in flu*' «lusi from tin /nu* Htuelt.-n*, 

nr zinc front iinlinni-I •**:tr»iur I il«-ti*l**. 

Extraction. Indium may !•*• extract**! fiotu /me l«y *lr<» 
waiving ill'' tin-t.il in a «|U:iiitil v of »< id ju-<l iiiniflicn lit t* i give 
c-i mi | lift j* hi ilut ion, Ipnn ilic r*-*- i* l«i*- "f undi*****h »**J /me tier*’ 
collect?* un standing ?i t*| « *nj; n t ;i» , which i »-* .ti < j *• | ,.f !•-;»» | , 

copper, citiliniujii, tin, no-mi*', iron, :ui*l indium. Thu* imu** in 
eolleeletl, waded, diwolwd in UNO:, and evn|*onat* d with 
lljSOi, The 1* '.'if i xiilf.'il*' j« filtered off. and t In ii\.|r*.\nl» H **f 
iron nml indium j»»i*r*i| «»*:*f«*i| l*\ un e v* >•* «f Nil** » 1 1 Th»*e 

arc diwmlvetl iii a mo, all amount of lit 1 and the ‘••dutton. «bi*h 
should lie nearly m iitr-d, i* l**ul«d with :>n i \n-o of NallSO,, 
when indium precipitate* ;».*♦ the ham* sulfite of tic formula, 
ln 3 (HO,h' liijf* HI I) • '» H>U. The* may In* dissolved in 
Mtwl the indium precipitated by addition of Ml, 1 *11, 

Indium mid iron may also In- separated hy adding potn**tunt 
Kiilfucyiinidc to the mixed chloride* in arid solution and extract- 
ing the ferric sulfurvnnidc with ether. Indi'im may t* separated 
fr<im laitli aluminium and iron hy adding an alcoholic pyridine 
Willltion to the chloride*. when lid 1* • d t '»IUN in precipitated, 

Metallurgy. Metallic iinlmm may fa* prepared in a munlwr 
of way#; flj h“nting the oxide with hydrogen ; (21 innting 
the oxidt* with audit un prodma** first n brittle allov frum which 
the wxlitim w removed hy water and fused N# ( CO,i (.*$) hy 
adding zinc to a wdut iott of indium couijx.und* ; (I) electro!* 
ynia of the chloride or sulfate solution in the presence of pyridine, 
hydroxy laniine, or formic m id, a branchial (re** Icing formed. 
The fractional electrolysis of the sulfate solution w* the best 
means of obtaining pure intlitiin.* The spongy metal may 
lx* dried at 120* and found in an atmosphere of hydrogen, 

» Jaut. Am, Chm ,X«, » PC, 11UU7|. 
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Properties. — Indium is a white metal, softer than lead, easily 
lT ialleable, ductile, crystalline, and diamagnetic. Its coefficient of 
r ‘^pansion is 0.0000459, its specific heat 0.057, its compressibility 
rtfc 25° 0.0000027, which is about two-thirds that of mercury, 

It does not decompose water, even at the boiling temperature, 
A-t low temperatures it is stable in the air, but when heated it 
!>Urns with a blue flame, producing ln 2 0 3 . The heat of com- 
^iistion is 1044.6 calories per gram of metal. It unites directly 
With the halogens and with sulfur. It dissolves in mineral 
trends, but not in KOH solution. In the electromotive series 
rt- falls between iron and lead. It forms alloys with lead, thal- 
lium, tin, gold, platinum, gallium, mercury, and sodium. 


Compounds. — Indium forms compounds similar to those of gallium, but 
more basic and in some ways suggestive of the compounds of iron. The 
<*.Haracteristic valence is 3, but well-defined bivalent and univalent com- 
I >ounds are formed. 

With oxygen , indium forms three compounds, InO, ln 2 0«, and InjOi. 

In 2 Oj is formed when indium burns or its hydroxide, carbonate, nitrate, 
or sulfate is heated. It is a light yellow powder, easily soluble in acids 
unless it has been heated to a high temperature, after which it is almost 
Insoluble. It is more infusible than Al 2 O s . InO, the sub, oxide, is formed 
l >y the careful heating of In 2 Os with hydrogen at 300°. It is a black 
I >yrophoric powder slowly soluble in acids. In s 04 , isomorphous with Fe«0 4 , 
is formed by heating In 2 Oa above 850°. 

In(OH)i is precipitated by adding the fixed alkalies to an indium salt. 
I fc is insoluble in excess of the precipitant. It has only the slightest acidic 
■properties, only one indate being described, namely, the magnesium salt 
of the formula* Mgln 2 0 4 -3H 2 0. It is obtained when the chlorides of 
magnesium and indium are mixed and boiled. 

A. nitrate, In(NO s )a • 4J- H 2 0, is formed when the metal is dissolved in 
nitric acid. It crystallizes from nitric acid readily, but not easily from a 
neutral solution. It forms a double a mm onium indium nitrate. If the 
solution of the simple nitrate is heated, a difficultly soluble basic salt is 
formed. 

Halogen compounds, InX, InX 2l and InX 8 , are all known except the 
mono- and di-fluorides; the oxy-chloride and -bromide, InOX, are also 
■easily made. 

InCla is prepared by the action of an excess of chlorine on the metal, 
the lower chlorides, or a heated mixture of In 2 Oa and carbon. It is a white, 
clesliquescent solid, easily soluble in water, in which it is slightly hydrolyzed. 
It forms double chlorides with the alkali chlorides. The solid vaporizes 
at 600°. 

InCla is formed by heating the metal in dry hydrogen chloride. Water 

* Benz. Ber. 34 2763 (1901), 
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decomposes it, forming InCl 3 and In. InCl is formed by heating a mixture 
of InCl 2 and In. It is a dark red compound, which is decomposed by water, 
giving InCl 3 and In. 

Sulfur forms three binary compounds with indium, In 2 S, InS, and 
In 2 S 3 . The l atter is prepared by direct union of the elements, by heating 
ln 2 0» with sulfur or H 2 S ; or by passing H 2 S into the weakly acid solution 
of an indium salt. The precipitated form is yellow, and the salt formed 
by dry methods varies from yellow to brown. It is soluble in mineral 
acids, readily forms colloidal solutions, and gives complex salts with the 
alkali sulfides, such as K 2 In 2 S 4 . 

In 2 (SO,) 3 is a white solid, very hygroscopic and very readily soluble in 
water. The simple sulfate forms a hydrate with difficulty, but the am- 
monium, rubidium, and caesium alums crystallize readily ; double sulfates 
resembling the alums but of the composition M 2 S0 4 • In 2 (SO,) 3 • 8 H 2 0 have 
also been prepared with sodium, potassium, ammonium, and thallium. 

Detection and Estimation. — Indium salts produce a blue-violet color 
in the flame, 1 in which two brilliant blue lines are visible, X 4511.5 and 
X 4102. Very small amounts of indium may be detected by microchcinical 
methods, using rubidium indium chloride. Other reactions are : — 

Precipitation of yellow In 2 S 3 by H 2 S from neutral or faintly acid solu- 
tions. 

Precipitation of In(OH) 3 by alkalies or BaC0 3 . 

Precipitation of In(CN) 3 by KCN, soluble in excess, but hydrolyzed on 
standing or boiling, precipitating In(OH) 3 . 

For the estimation of indium, it may be precipitated by ammonia, the 
excess removed by boiling, and the precipitate dried and ignited to In 2 O s . 

Thallium 

Historical. — In March, 1861, Crookes was examining some selenium 
residues from a sulfuric acid factory in the Hartz Mountains. He expected 
to find tellurium, but being unsuccessful with chemical means, he tried the 
spectroscope, the use of which had in the year previous resulted in the 
discovery of rubidium and caesium. He found a single bright green line, 
which he later proved to be evidence of the presence of a new element 
for which he suggested the name thallium, meaning a green twig. He was 
unfortunate in having only a small amount of material to work with, so 
he did not succeed at first in correctly establishing the relationship of the 
element. But by May, 1862, he had collected a few grains of the metal in 
powder form. 

Over a year after Crookes’ original discovery Lamy, in France, made a 
similar investigation of the lead chamber deposits of a sulfuric acid plant 
which used a Belgian pyrite. He found thallium in considerable quantities, 
and by May, 1862, he had a considerable amount of the metal in lump form. 
He studied the physical and chemical properties of the element and many 
of its compounds. 

1 For the arc spectrum of indium, see Uhler and Tauch, Aslrophys. J. 55 
291 (1922). 
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Tl.<- ».f it.'illmm m tlir other dements presented many 

j>u//hi»r i.r-J-i-Kf M.niiiii of in viiriffl rf'Nfiulilniicc Mi tend, silver, 
jtf.i:. :.Iii(»n(*ini, iiHTfurv. Si> ji«r;uj(ixifnl did Urn element, 

Djtju >r I" 1..' i it ’ 1 I ii*u»u.-* »'li‘ir:i»-l«Turd it as tlir ornitliorhym'liUH of tlio 
tiirt d * H»H win ii M« ii.i.'li'etf pid.il »Iiw| hin tflitte, lie argued convincingly 
the* tbalh'iin ).-.«!>! !*• jd;i»i-l hi flniiiji III under imliiitii and hetwoon 
iin r.or :«*•! id li li,i.> .-div.-ivt maniacd in this position. 

Tli »H>»>»!. v m j <»•»!«■ .if a.-liitinu) Dund tli> iriimi 1 1, mid il. may hour a 
r. l lii'.nd.ij. t » )!.•• r idi«;».livi. i-lemi‘lil< wiiiicwlutt similar to dint, shown 
In- !v ••lyy. ’.t.vl 1 1 hat tlndliuiii was otic of the |.wu end products 

of fh'.ritmi di iiin «r Uion, <m*v the thorium minerals often euut.nitied too 
little h id *" • •iti'iTM t*> t)i>' theory that, lead tvtut the indy final product, 

) \:uioii .ti> 'ti id t |;..r inmtc, JimvoviT, shown 5 Unit. it. contains Jess than 0.005 
ja r . * lit ••!' li. iDnmi. • oti.eiptfutlv Huddy lots wit.lnhfiwti the suggestion. 

Occurrence. Thallium is found in considerable amounts 
in fit load fntir i tire mi mm l* ; c.ronkesite, (( )uTIAg)jHe, contains 
lfi B> }ht fi'iit thallium, found in tt copper mine in Sweden; 
lurnndito. TIAmSj, contains of) 00 fter cent thallium, found in 
Macedonia ; v finite, T1 AhS,S 1>S|, containH 29-30 per cent 
thallium, futmd in Mnevdi*m:i : hutoliiiwonite, (Tl, Ag, Cu)aS> 
AfsSi i 1*1 iS * A-vS.,. ediitaiiiH 1K-2S fter cent thallium. 

In mhlitiun tn I I lose distinctively tlmlliiim minerals, this 
element is fntiml iti Minall t|unittities in a wide range of rock 
anil minerals, showing the variety of its chemical relatives. 
Ananas these may he mentioned Iepiilolito, sylvinc, carnallite, 
nlunite, sphalerite, pyrite, haematite, marensite, hraiinite, her- 
zelinnite, oral elifilenpyritc. ft law also been found in mineral 
widen* and father widely distributed among plants. Because 
of its rs’i'tirrenn* iti so many iriitierals it is sometimes found in 
commercial products, such as zinc, cadmium, platinum, bis- 
mittli, tellurium, sulfuric ucid, and even hydrochloric acid. 
The most fertile sources are the flue dusts of iron furnaces and 
sulfuric mail plants using thnlliferons ores. Homo flue dusts 
contain as mtteh m H jter rent thallium, but usually the amount 
is less than t>.2.*» |*er cent, 

Extraction. -- C rookes’ method of extracting thallium from 
minerals was to grind the ore tn a fine powder, dissolve it in 
ntpw regia, add sulfuric add, and evaporate to expel excess 
arid. Dilute In large volume, neutralize with Na*COa, and 
add Kt*X t«> precipitate lead and bismuth. Filter and add 

» Cotter. Nature, tOX 423 


‘ A’anire, M 2U (1B17). 
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H 2 S to precipitate Tl, Cd, and Hg. Dissolve the TI 2 S 3 in very- 
dilute H 2 S0 4( in which the sulfides of cadmium and mercury are 
insoluble. 

In flue dusts, thallium is usually present as oxide or sulfate, 
both of which are soluble in water. The dust is thoroughly 
extracted with water, the solution concentrated, and T1C1 pre- 
cipitated by adding HC1. The extraction is sometimes made 
with water, slightly acidified with H 2 S0 4 . 

The precipitation may be made with zinc, producing metal- 
lic thallium, or as sulfide or iodide. 

To purify the crude thallium material it is transformed into 
the sulfate and its dilute solution is acidified ; then H 2 S is 
added to precipitate mercury, copper, silver, arsenic, anti- 
mony, and bismuth. Ammonia is added to remove iron and 
aluminium. The purified thallous sulfate is then evaporated 
to crystallization. 

Metallurgy. — Thallium is very easily prepared from its 
compounds in several ways: (1) fusion of the thallous chloride 
or iodide with Na 2 C0 3 and KCN ; (2) electrolysis of the car- 
bonate or sulfate; (3) addition of zinc to a thallous solution; 
(4) heating thallous oxalate in a covered crucible. 

Properties. — Thallium is a white metal with blue tint, and 
when freshly cut it has a brilliant metallic luster. It is so soft 
that it may easily be marked with the thumb nail and leaves a 
black streak on paper, It is malleable but has little tenacity, 
and when an attempt is made to cut it with a file or saw it 
stops up the teeth of the tool. It has a crystalline structure 
and emits a sound similar to the tin cry. It exists in two modi- 
fications, the transition temperature being 226°. It melts 
at 303°, commences to volatilize at 174°, boils under atmos- 
pheric pressure at 1515°, and may be distilled in a stream of 
hydrogen. The coefficient . of expansion is 0.000031 and the 
coefficient of compressibility is 2,33 X 10~ 6 per atmosphere. 
The latent heat of fusion is 7.2 calories per gram, the mean spe- 
cific heat is about 0.03. The electrical conductivity 1 in recip- 
rocal ohms per cubic centimeter at 20° is 5.28 and the magnetic 
susceptibility is— 29 X 10 -e C.g.s. units per unit volume. In 
the electromotive series thallium comes between iron and cobalt, 

1 For the potential of thallium electrodes, see Prop, Am, Acad, Aria and Soi, 
56 199 ( 1921 ) 
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Thallium oxidizes slowly and superficially in the air at or- 
dinary temperatures, but above 100° the reaction becomes 
more rapid, forming thallous oxide at the lower temperatures 
and thallic oxide at red heat. Thallium does not react with 
oxygen-free water at ordinary temperatures, so one of the best 
methods of preserving the metal is under water which has been 
deprived of its air. At red heat thallium decomposes water. 
It combines directly with the halogens, sulfur, selenium, tel- 
lurium, phosphorus, arsenic, and antimony, but it does not unite 
with hydrogen, carbon, silicon, or boron. It dissolves slowly 
in HC1, more rapidly in H 2 S0 4 , and readily in HN0 3 , liberating 
hydrogen in each case except HN0 3 and concentrated H 2 S0 4 . 

Thallium alloys readily with many metals, especially sodium, 
potassium, mercury, magnesium, calcium, gold, silver, cadmium, 
copper, and zinc, 

Uses. — Thallium compounds possess unusually high re- 
fracting power, so they are used in the manufacture of certain 
kinds of optical glass in which a high refractive index is desired. 

A liquid amalgam containing 8.5 per cent of thallium is used 
in thermometers for temperatures as low as — 60°. Thallous 
chloride is one of the few lower chlorides which is more stable 
than the compound of the higher state of oxidation, So it is 
used as a " getter ” in tungsten lamps to prolong the life of 
the filament. 1 

Alloys of lead and thallium 2 are distinctive in that they have 
higher melting points than either component. The amount of 
thallium varies from 3 to 65 per cent. The alloy containing 
10% thallium, 20% tin, and 70% lead is resistant to the 
corrosive action of mixtures of sulfuric, nitric, and hydrochloric 
acids. This alloy is especially recommended for use as anode 
for the electrolytic deposition of copper, in which its corrosion 
is less than one-fifth that of lead alone. 

Thallous chloride is changed 3 by sunlight from white through 
various "shades to brownish black ; the change is hindered by 
mineral acids and hastened by ammonia, ethylamine, glycerol, 
toluene, etc. Thallous iodide changes from yellow to green in 
the sunlight, These changes may become useful in photography. 

» Chem. and Met. 23 471 (1920) ; L'Industrie Elect. 29 472 (1920). 

2 Fink and Eldridge. Trans. Am. Electrochem. Soc. 40 51 (i921) ; also U. S. 
Pat. 1, 384, 056, July 12, 1921. 

8 Carl Ren z, Helvetica Chem, Acta 2 704 (1919) and 4 950 (1921). 
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Mixtures of thallous nitrate with silver, mercurous, and mer- 
curic nitrates have low melting points and densities ranging from 
4.8 to 5.3. Such mixtures are useful for separating minerals 
of different densities. 

The “ Thalofide ” cell 1 is more sensitive to light, especially 
that of low intensity and long wave lengths than the selenium 
cell, Its electric resistance drops 50 per cent on exposure to a 
quarter foot candle. The sensitive material contains thallium, 
oxygen, and sulfur and is essentially an oxysulfide of thallium. 

Compounds. — The compounds of thallium form two distinct 
classes : ( a ) thallous with a valence of 1, resembling the analo- 
gous compounds of the alkali metals in the soluble compounds, 
and those of lead in the more difficultly soluble ones; (6) thal- 
lic with valence of 3, resembling the compounds of iron 
and aluminium. The former may be vaporized without de- 
composition and are highly ionized in solution. The thallic 
compounds are considerably hydrolyzed and are stable only 
in the presence of an excess of acid. Thallous compounds 
are oxidized almost completely to thallic by such oxidizing 
agents as permanganate, chlorine, or bromine. The reduction 
of thallic to thallous is easily accomplished by SnCh, H 2 SO 3 , or 
metallic thallium. The addition of (NH 4 ) 2 S to a thallic salt 
precipitates thallous sulfide and sulfur; while KI precipitates 
Til and I. The contrasting character of the thallous and 
thallic salts is shown by the fact that they readily form complex 
salts with each other, such as TICI 3 • 3 T1C1. A thallous-thallic 
alum, T1 T1(S0 4 ) 2 • 12 H 2 0, is described, but the existence of such 
molecules is open to question because of the difficulty of obtain- 
ing a definite crystalline form. It seems certain, however, 
that both the thallous and thallic conditions are present in 
solution, 

Thallium compounds are cumulative poisons, resembling lead. 

Thallous Salts. — The oxide, T1 2 0, is a heavy black powder, which is 
formed when the metal is oxidized at low temperatures, or when Tl(OH) is 
heated at 100°. It absorbs water readily, producing the hydroxide, and at 
300° it melts to a liquid which attacks glass rapidly. It is easily reduced 
or oxidized. 

The hydroxide, Tl(OH), forms yellow crystalline needles, and may be 
formed by dissolving thallous oxide in water or by adding baryta to thallous 

1 Case, Phys. Rev. (2) 16 289 (1920) and U. S. Pats. 1301 227 (1919) and 1316 
350 (1919) 
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Mllf.it*- Ii r. r» '.'hit ii( I" .f h water awl nlrohnl, its Holulitirui arc 

Nir-'in-Iv ;*|k ■»}»?*•■. -.ft- uk', > irU.it dioxide greedily nrul at, ticking glass 

,»d'l j>'»r" i >iii 1 u» ic- tinii.* it give * iln' oxide. mitl with inumo, hydrogen 
, >n-l <"T "xeli/iim >w'nl . it tint Hie hydnixido. 

1 hi- r !(. ;• "»!nji'nm«i . o>- rill fti-ilv prepared hy dircet uuiun of the 

ii* i>’-' <•> <h<- *•: «lt<- h il'.K'-ii arid uik.ii tin* oxide, hydroxide, or 

i Tin- * Iti'ii 1* . l.ri>nn»|i-, and iodide .'ire insoluble in cold water, 

s>*bdT- n# h"t * -iter, net iti- niiiilo In- |ii i'i'i|iitat inii, ’ITioy resemble the 
!*■*•! • d' 1 • 1- • > »« *i*i*- irne-e rind uiiier.il priijiertira. Hevoral double 

h eel* ' h ii' Imii j»r. j»:ii,-d 1 

T ie- , 1 1 % * > : , f'ltitn rmhv'lrom try-stiils whieh arts iiiHaluhle in 

iiliiilwl :»»•• I -'l-i’-i' m w iI»t l*i the extent i if b.An grunts tu 100 grams of 
water to ,:>I 'I hr *n >t d * U'ttiti t*i deroitipn-ie al. .'ItMr, anil at 400° tho 
*1<" *nei«"ii*i*'ii i r *j>i*l, although a little nf the unit sublimes without do- 

Th*- iji.'iT.’ '1 IS, ii el it tuned by adding 1 IjH nr (NUdsB to an alkaline 
•«r fintith aifl i h .llote* I'olntiou. It in bluish hlitrk, generally erystallino, 
iie*.|'il'l' m tiiiitie'Uiiiiii "idli*h' On exposure Ui air it. is oxidized to the 

Mill tile. 

The *ti//'i lr, TlvS'tl,. ii iionii.ridmus with jHitussiimi sulfate, molts at 
IV W, and vr'l.»tilix»-.» uiib'eit dr<-nin|Mi*>itiiiti nlstve red heat. 100 grams 
of water di".'>'h*' I *7 grain" of udl el 20'. ft readily forms alums witli tho 
tfivtd'-iit ' >iel t.it,i-« the |iltn'i' of the alkali sulfates in such denhlii 

k.ihe tm !},>« i 4 H"sOi O 11,0, in ttliii'h II r represent* an alkali metal nr 
tlcdlmin >iel It" i< |ire»*titj> neiKueaiuni, xitu-, irmt, niekiil, cobalt, copper, 
Mai»K:»n» n'. and <-mltin«iiu. 1'h>' double sulfates, TltHO, • TT 3 (80 ( )i and 
f< Tl;>< i, lb s'f t, IniVr U'l-u k!mwn to exint, the former nlxivo 4H" and the 
latter tviMii'ii 2 ) 1 !*«>•} dll'. ,U other ttmiperiituroH only mixtures of 
llp-w mill* ran '■ \e>l ' 

Other thtilhne* "ill' are lln* soluble rnrlioiiute, chlorate, perehlorate, 
fi rm ynoele ' and fie- nitrite* * nml the sparingly soluble ehloroplatinate, 
riit»idtioilrii<', * liroiimf<'.* »i>d duiible hv|»»udfili‘s, 

Thallic Halt* The *un*/e, T1,< I,, i« produced hy oxidation of tho metal 
nt elevated leiiijeTntiir.n or hy healing TKOtU.i by adding 11,0, to ft 
i-i i). I wlkuliii.- "iilo'em nf n thallium salt; anodic oxidation during tho 
rli rirolv*!* ui low potential nf a neutral solution of tlmlloUM Hulfato or 
nitrate It i* brown, ntnv 1st crystalline, itisultthle in witter anil alkalies, 
drroni|t>w-<* 'iturve Mgr, vii'IdiuK tlmUou* oxide anil oxygen. 

‘ITo tiK'/em-k, riff Ml), or U'tter TIC) -OH, in prepared by adding the 
slksh bvrlroxnli-* nr «m inonin In it tlmllie mdutitin. If Tl(OH), exists, it is 
ehangtd to Ho till on hmting nr drying; the dehydration to TijO, is 
rornjdeti* nt III) When freshly prnparetl it is readily soluble in 


i t'anieri nod IVriwn, (/ait, rhim. fttil. M 1 251 (10*22) ; O. A, 16 2046 (1922), 
*Hr4* M lMi»)g»ji. ( ttW/rf rrwt, 178 H‘2 

* ttu*\ Z. nttrny. tttlgrm, rkrm. 181 (H>22), 

* CuHN mj<J (Jut*. rhirtt. iUd, 51 1 MW (1021) J C. A. 153037 (1921). 

»/M Sdt t Hi (19223: (*. A 16 3OH0 (1022). 

ijtu*. thim, i Lai, 52 f 33 (1922) ; A. 16 1715 (1922). 
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acids, but after drying it dissolves slowly. It is a brown, amorphous sub- 
stance, resembling Fe(OH)a in appearance, and extremely insoluble in water, 
having a solubility product at 25° of 10 _M . 

The chloride, TICL • HoO, is made by passing chlorine into water in which 
T1C1 is suspended, and allowing the saturated solution to stand. A tetra- 
hydrate is also formed, from which the anhydrous salt is prepared by 
dehydrating at ordinary temperatures. With a small amount of water 
thallic chloride forms a clear solution, but on dilution the salt suffers 
hydrolysis. 

The bromide and iodide are similar to the chloride but still less stable. 
The iodide behaves as though it were a mixture of thallic iodide Tlla and 
thallous periodide Til • I 2 analogous to KI • 1 2 . It has been suggested that 
it is a tautomeric compound, 1 sometimes thallous and at other times 
thallic in behavior. It readily forms double salts. 

The nitrate, T1(N0 3 ) 3 , is prepared by dissolving T1 2 0 3 in nitric acid. 
It forms deliquescent crystals, Tl(NOs)s -3 H 2 0, is easily hydrolyzed and 
decomposed, and forms double nitrates. 

The sulfide, T1 2 S 3 , is made by direct union of the elements. Attempt 
to prepare it by precipitation give T1 2 S and S. It is a black solid, brittle 
below 12°, soft and plastic at higher temperatures. 

The sulfate , Tl 2 (SO,) 3 , is easily hydrolyzed by water, producing a basic 
salt. It forms double compounds very similar to the alums, such as 
(NH.,) 2 S0 4 - T1 2 (S0 4 ) 3 ■ 8 H 2 0, but the formation of true alums is still 
doubtful. 

Detection and Estimation. — All thallium compounds impart a green 
color to the flame and yield a green line at X 5350. 

Qualitative tests for thallous compounds are: (1) brown precipitate 
T1 2 S with H 2 S or (NH<) 2 S in neutral or slightly acid solutions; no 
precipitate in presence of a strong acid; (2) soluble halides produce T1C1, 
white, TIBr, pale yellow or Til, bright yellow ; (3) K 2 Cr0 4 precipitates 
yellow, TljCrO,; (4) H 2 PtCl e precipitates yellow, Tl 2 PtCl ( (quantitative) ; 
(5) sodium cobaltinitrite precipitates thallous salts quantitatively as thal- 
lous cobaltinitrite, brilliant red. 

Thallic salts are identified by the brown precipitate produced by am- 
monia or the alkali hydroxides ; or by reduction to the thallous state and 
the tests given above. 

Quantitatively, thallium is determined as the iodide, chloroplatinate, 
chromate, or sulfate. Thallium may be determined volumetrically, also, 
by the use of permanganate 2 or iodometric measurement. 

1 Abegg and Maitland, Zeit. anorg. Chem. 49 341 (1906). 

* A. J. Berry, J. Chem, Soc. 131 394 (1922). 



CHAPTER VIII 


GROUP IV — TITANIUM 

The elements which comprise Group IV occupy the exact 
center of the periodic table. Recalling that each series of the 
table shows a gradual transition from metal to non-metal, it 
is to be expected that the elements falling in the center of the 
series will be distinctly amphoteric and electrochemically in- 
different. There ought also to be less marked differences be- 
tween the members of Divisions A and B than in the other 
groups of the table. So slight are these differences in fact 
that the division into sub-groups is scarcely necessary except 
for convenience. It is to be noted, however, . that the differ- 
ences between A and B sub-groups increase as we pass from 
Group IV toward either end of the table. 

All the members of this group are metallic in nature except 
the first two members, which are mainly acidic. All the me- 
tallic elements except tin and lead have high melting points; 
none suffer more than superficial oxidation at low temperatures ; 
but all the elements of the group, when heated strongly, com- 
bine readily with oxygen, yielding the dioxide, except in the 
case of lead. The dioxides of the elements of lower atomic 
weights are acidic, but the basicity increases with increased 
atomic weight of the element. 

The principal valence of Group IV elements is 4, each ele- 
ment of the group except lead forming its principal series of 
compounds in the quadrivalent state. Valences of 2 are com- 
mon, and 3 occasional. The quadrivalent halogen compounds 
of most of the elements form characteristic double derivatives 
with the alkali halides, of the type M 1 2 M tT X«. These com- 
pounds, especially the fluorides, are of much importance. 

Nowhere does the unique character of the first member of 
the family stand out more strikingly than with carbon in Group 
IV. The ability of carbon atoms to form countless chain and 
ring compounds, the relationship of carbon to all forms of life, 
and its peculiar chemical behavior make this element stand in 
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precipitated by the alkalies in the presence of hydrogen peroxide. 
This behavior is sharply in contrast with the elements of the 
B division, and is intimately related to the greater electro- 
positiveness of the A sub-group. The physical constants of 
sub-group A are shown in Table XXIV. 


Table XXIV 


Properties of Titanium Sub-Group 



TITANIUM 

Zirconium 

Cerium 

Thorium 

Atomic Weight . . 

48.1 

90.6 

140.25 

wmm 

Specific Gravity . . 

4.87 

4.25 

6.73 


Atomic Volume . . 

9.88 

21.32 

19.92 


Melting Point . . 

1795° 

1500° 

635° 

1450° 


Titanium 1 

Historical. — Rev. William Gregor in 1789 discovered a new metal in 
the magnetic sand from Menachan, Cornwall, which was known as mena- 
chanite or more commonly now as ilmenite. He suggested the name 
menachin for the new element. A few years later, Klaproth found a 
new element in rutile, and suggested the name titanium, from the Titans, 
the giants of Grecian mythology. In 1797, he proved that menachin 
and titanium were identical and the former name was dropped. The 
pure oxide was not prepared until 1821, when Rose successfully purified 
Ti0 2 . Early attempts were made to produce the element by reduction of 
the oxide with carbon. Berzelius in 1825 prepared a metallic substance 
which was supposed to be the element until in 1849 Wohler proved it to 
be a cyanonitride. 

Occurrence, — Titanium is usually regarded as a rare ele- 
ment, but it is one of the 10 more abundant elements in the 
earth’s crust, Ti0 2 making up 0.73 per cent of the whole litho- 
sphere. It is almost twice as abundant as carbon and exceeds 
chlorine, phosphorus, and sulfur in abundance. It resembles 
silicon in its combinations, since it is never found in the free 
state, but in combination with oxygen either as the simple 
oxide or as titanates. 

As Ti0 2 it occurs in three distinct crystalline forms known 
as rutile, brookite, and anatase, the first named being common 

> See report by R, J. Anderson, U. S. Bur. of Mines, Serial No. 2406 (1922). 
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Hmenite and titaniferous magnetite are found in many locali- 
ties, the best known foreign deposits being at St. Urbain, Que- 
bec, and in Norway and Sweden. In the United States 1 two 
deposits are notable : at Lake Sanford, New York, the ore 
S averages 62.8 per cent magnetite and 30 per cent ilmenite; at 
Iron Mountain, Wyoming, the average composition corre- 
sponds to 49,8 per cent magnetite and 40.15 per cent ilmenite. 
The two deposits are estimated to contain many millions of 
tons of ore. A recently developed deposit at Pablo Beach, 
Florida, was producing in 1919 considerable quantities of 
ilmenite and rutile, along with zircon and monazite. 

The production of titanium ores fluctuates widely from 
year to year. About 200 short tons of rutile (95% Ti0 2 ) are 
marketed annually in the United States. The amount of 
ilmenite produced was 1644 tons in 1918, but in 1920 only 268 
tons were reported, A small amount of rutile is imported from 
Norway, and considerable ferro-carbon titanium is exported. 
The 1922 prices are about as follows: rutile (95%), 12 cents 
per pound ; ilmenite (52% TiOj), 15 cents per pound ; ferro- 
carbon titanium (15-18%), 20 cents per pound ; and carbon* 
free titanium, 30 cents per pound of contained titanium. 

Extraction. — Rutile is exceedingly resistant to chemical 
action. Either rutile or ilmenite may be brought into solution 
by fusion with alkali, alkali carbonate, or bisulfate and extract- 
ing with acid. By adding ammonia to this solution a mixture 
of iron and titanium oxides is thrown down. Another satis- 
factory method fuses the ore with carbon in an electric furnace, 
subjects the carbides to the action of chlorine, and distills off 
the volatile titanium tetrachloride. 2 

Iron and titanium may be separated by several methods : 
(1) dissolving the mixed oxides in HC1 and extracting FeCls 
with ether; 3 (2) reducing the iron with NaHSOs, adding KCN 
and ammonia and heating nearly to boiling, Ti0 2 precipitates, 
iron remains in solution as ferrocyanide ; 4 (3) adding ammonium 
tartrate to hold the titanium in solution then precipitating iron 
with a mm onium sulfide, evaporating the filtrate with a mixture 
of sulfuric and nitric acids to destroy the tartaric acid and pre- 

1 See Bull. 64, TX. S. Bureau of Mines. 

2 Stabler. Ber. 37 4405 (1904) ; ibid. 38 2619 (1905). 

* Barneby and Ishaml Jour. Am. Chem. Soc. 32 957 (1910) 

4 Bomemann and Schirmeister, Metallurgie, 7 733 ( 1910 )- 
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cipitating the titanium with ammonia ; ' (4) heating a mixture 
of ferric and titanium oxides in the presence of HC1 and S 2 CI 21 ' 
the iron distills out, leaving Ti 02 unattacked. 2 

Metallurgy. — Titanium is obtained in the metallic condi- 
tion with the greatest difficulty, because of its extremely high 
melting point, the ease with which it unites with oxygen and 
nitrogen of the air, or hydrogen and carbon as reducing agents, 
and its readiness to alloy with most of the common metals which 
might be used for utensils or electrodes. 

The methods which have been used to prepare the element 
are as follows : (1) reduction of potassium titanofluoride with 
sodium or potassium — this method does not effect complete 
reduction; (2) reduction of TiCU with hydrogen is not suc- 
cessful, but heating the tetrachloride with sodium in a cast 
iron bomb gave 3 a product containing 95-99.7% titanium; 
(3) reduction of Ti0 2 with magnesium, silicon, or aluminium 
does not give good results because titanium alloys with these 
metals ; (4) reduction of TiCh with carbon gave good results 4 
if the temperature was high enough to decompose the com- 
pounds formed between titanium and carbon and nitrogen. In 
this way carbon is the only impurity, and it may partly be re- 
moved by fusion with more Ti0 2 . Moissan obtained in this way 
a product which contained 98 per cent titanium ; (5) reduction 6 of 
Ti0 2 by calcium shavings in an evacuated iron dish. The product 
was very pure; (6) electrolysis of a solution of Ti0 2 in fused 
CaCU gave 8 a product nearly free from nitrogen and carbon. 

These methods all gave the dement in powder form. The 
fused metal was prepared 7 by pressing the powder into bars 
at 70,000 atmospheres pressure and using these as electrodes 
in a vacuum arc. The metal fused in the form of globules on 
the ends of the electrodes. 

It is worthy of note that the metallurgy of the element tita- 
nium is in the same state of development at the present time 
that aluminium was forty years ago. 

1 Thornton, Am. Jour. Sci. 31 (iv) 2X4 (1912). 

2 Bourion, Compt. rend. 151 1229 (1912). 

3 Nilson and Pettersson, Zeil. Phys. Chem. 1 28 (1887) ; Zeit. anorg. Chem. 
99 123 (1917) ; and Trans. Am. Electrochem. Soc. 37 513 (1920). 

4 Moissan, Compt. rend. 120 290 (1895). 

6 Wedekind, Arinalen, 395 119 (1913). 

* Borchers and Huppertz. Metallurgie, vol. 1, p. 362 (1904). 

7 Weiss and Kayser, Zeit. anorg. Chem. 65 388 (1910). 



TITAMCM 135 

Properties. hi tin- amorphous furm, titanium in a dark 
gray ]Mi\v(i> r resembling reduced iron in appearance, 

it 1 - jciroin.'miH'lir. 'Hit- fused metal resembles polished steel 
and i" sullicieutly hard to scratch ipnutz ; when cold it is ho 
initti*- tliat i* may be powdered in an agate mortar, hut when 
properly |>n -pared it may In- worked easily, 1 nl red heat it may 
he forced and diawH, although it pnsseHKrH little ductility, The 
fractured airfare has a brilliant luster, sometimes with n tint 
of >» H»m somewhat resembling bronze, When vuhhed against 
steel it gives bright sparks. The sjK'eifie heat rises mpitlly 
with increase of li Mij«>raliire. I icing <>. I Iti/i between 0° mul 100° 
and tt. Iti2 between U and IK)’; riniscqueiitly the atomic heat 
Varies from .1.1 to 7.77 for the same intervals. In the crystal- 
line form d i« istimorphoiis with zirconium mid silieon. 

Titatiimn is si a hie in the air, almost no oxidation taking 
place up to 120'' Hut when heated to 010° in oxygen the 
metal takes fur and fiurns with dazzling hrillituiey, producing 
’HO,. The heat of combustion is 21,432 eulories per equiva- 
lent. At sntr it U'giiis to hum in nitrogen, also forming the 
nitride TiN*. This is the only element known which hums 
vigorously in nitrogen, When heated in the air a mixture of 
oxide and nitride result s, When titanium dioxide is heated 
in air in the presence of nirlsai a eomjioimd called eyanonifcriih; 
of uncertain rnmiwisitinn is formed. It ih accordingly found 
in blast furnaces which use titiuiiferoim ores. It forms bril- 
liant red mites, extremely hard and resistant to aeids, hut 
like the nit ride it yields ammonia when heated with steam, 
lienee, Itoili these compounds have been proposed fur the 
fixation of atmospheric nitrogen. At 7(H) 0 X00° titanium do- 
cnm|s*w's steam. When mixed with red lead and heated, the 
element is oxidized so rapidly that it is thrown out of the 
crucible with loud detonations, 

Titanium burns in chlorine at 350°, anil with bromine or 
iodine nt somewhat higher temperatures, forming salts of the 
type TiXi. W'hen heated, it comhineH directly with almost 
all non-metals, even with carbon, silicon, and 1 siren at the 
temjienitiire of the electric furnace. The borides and silicides 
are as hard as diamonds. At low temperatures the element 
resists the action of acids, but it dissolves readily on warming, 
* K J, Atuterwm. Jour, Frank Inti. 184 407 (1017), 
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hla*I ftirutii’e. A pasty slag in* j »r> »»l*i«'»**l. titanium mind* and 
cyniionitride formed ih-jiu-it *. tie- fiitna**- wa< '%»>!, >d up, the 
lining wus altneked, and t }i»- find r<.n«umpt|nn wm* l»iyh. a 
result nf these i*!t|M*ri<'iirt * Mint furnace < .j »*i * nr*' *!jll 
generally prejttdieed nindie-t tin- n*r nf tit.mif* rmix •*?•»*, I'rin- 
ripnllv through the skillful iv-* :ir<he* <*f A. d Uo.si the pmh- 
lein 1 hits lieeti solved, and for over \rnr* ir*»n oie* contain- 
ing tip In In 211 jx-r rent Ti<h have !<rrt» *m» h**l. voiding a 
fusil lie slug and ft sutierior grade nf pig ir**n low ui l*»»th sulfur 
and phosphorus. f ir*ni!o>*t surer** in tin* direct cmi has rume c 
however, in the ti*e nf the elect tu* furnace, Urau*c nf the 
higher teiiija'rntiires easily rtvailal*!*-. 

Firmtitnniwm is produced in two grade* (I that mil tam- 
ing coiisideraMe earlmti i* roll'd ferin-enrhou iiiannmi, It 
in prtRluml by the reduction of ihnenite with e«ke «ir nf rutile 
with earl kiii in n hath of Inpud iron «r si* el : «n •■jvt.rie funnier 
giving n tempera) ure nf ut l*wt HHMf (*, i* reipiired. The 
product contains I A lH r ;: lil.inium, A v; i-urhou, nUait l.A r : 
silicon, and other impnritii** in Miadl amounts. The rarlsm 
content may 1 m* reduced I*y rrmelling with TiU» nr idimmnuiu,* 
(2) Carbon-free ferrotitiinuini is pnsluerd hy redurtion with 
aluminium. In Clermnny n uindiltiil c «old»elumdt thermit 
reduction is used wiiieh adds Ita^f ), nr Nti } 0> tn aceeh rati* the 

* !(/«**!,. JtHtr Am. t'hrm .SW || f>*l * 1 *!!*)* «h*t Tf'th* 4** /wf l/tn 

Huq. si W2 OMn.1), V<» n Mullfli. un-i H »/****. n i v»a < . ih.n or, 

t.'.H, llnr *»t Mine*; »t*<( I'-iklK M*-I<*1 ••MiriMrw t«r ltd* . Ju ut tn4 ***-! Knu 
Chm. 10 tax milM , W M C—Ivik, r*a*« H«y f »« /.Ml It T. < ; 

(5. V, f ‘i#in»i*Kk, rhem. u*j Mu M ina uorai . /*<«. Ag>. 10> imj (taati »»u 
to* «7 iiua-ii, 

* U. a. Pot*. t.37<.fB« »n*l 1,374,036. A|.rtl 6, 1031, 
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reaction ; in America the Rossi process 1 is used, in which an 
electric furnace produces a bath of molten aluminium. To 
this is added the desired amount of scrap iron, or high-grade 
iron ore if a very low-carbon product is essential. After a 
layer of molten iron is formed below the aluminium, the (tita- 
nium material is added, either in the form of titaniferous iron 
ore or rutile or even titanium slag. The reaction is exothermic 
so little current is required to maintain the reaction temperature. 
This process yields an alloy containing up to 75 per cent tita- 
nium and with from 0.12 to 0.8 per cent carbon. The American 
product usually contains about 25% titanium, 5% aluminium, 
and 1 to 1.5% silicon. This gives a low-melting titanium 
aluminate on fusion in the steel bath. There is keen rivalry 
between the two methods of producing the ferro alloy. 2 

The use of ferro-titanium in the steel industry is rapidly 
gaining favor, especially in the United States. The effect of 
the titanium is twofold : (1) its striking affinity for both oxy- 
gen and nitrogen makes it efficient for the removal of the last 
traces of these elements ; (2) it apparently has the unique prop- 
erty of causing the separation of occluded substances like 
oxides and sulfides of iron and manganese, silica, slag, etc. As 
ordinarily used, very little, if any, of the titanium remains in 
the steel, hence its purpose is purely that of a cleansing agent. 
The fluidity of the slag is increased because of the exothermic 
reactions which accompany the removal of the impurities, 
hence the separation of the slag is more nearly complete. The 
importance of removing oxygen, nitrogen, and iron oxides is 
becoming more and more evident, as experiments tend to show 
that these impurities are more troublesome than small amounts 
of sulfur. 3 

The beneficial effect of titanium treatment is most evident 
in Bessemer steel ; it is less marked in open-hearth steel and it 
is even applied to crucible and electric steels and cast iron. 
The addition of titanium is best accomplished as an iron alloy. 
If the element is added alone, its high melting point and low 
specific gravity make it difficult to obtain a good mix. In 

* Auguste J. Rossi, Elect. Chem, Ind. 1 523 (1903). 

2 See R. J. Anderson, Jour. Frank. Inat. 184 467 (1917) ; C. V, Slocum, Trane. 
Am. Electrochem. Soc. 20 265 (1911). 

•See Iron Age, Jan. 13, 1916, p. 146; Bull, A. I, M- E., Oot. 1916, p. 
1841 ; Chem. and Met. 11 144 (1913), 
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The use- uf titanium in east iron Inis been tried, 1 1 nit. the re- 
sull, an* somewhat less convincing. The alloy used for this 
puri«(se generally contains from 0.1 to 1.0 jxt cent of titanium. 
r |‘he elTeet of the titanium is to remove oxygon, nitrogen, ;unl 
sulfur; to throw down graphite and to prevent the precipita- 
tion of iron carbide. It is claimed that the product has in- 
creased strength, soundness, and luirdness, as well as improved 
machining qunlit ies. 

Treatment of iron and other metals with titanium has a con- 
siderable effect iijkiii the magnetic. pro|x*rties. Iron which has 
been treated with titanium has higher magnetisation curves 
and lower hysteresis losses.- These effects am probably pro- 
duced by the cleansing action of titanium. If some titanium 
remains in the iron, the magnetic properties are lower than 
pure iron. Fermsilicon, when treated with titanium, gives an 
exceedingly high {KTinenhility and low hysteresis loss. 

Other alloys of titanium are prepared,* usually from rutile, 
since generally these alloys must contain little or no iron. These 
alloys are made in the electric furnace or by the Goldschmidt 
process, (“apro-titaninm containing f» 12 per cent titanium 
is made by adding eopjier to the aluminium hath, then adding 
rutile. The addition of 1 2 (>er cent, of this alloy tn molten 
copper or brass produces a metal which can easily 1st cast in 
sand and is free from blowholes. 4 When present in small 
amounts, titanium raises the tensile strength and lowers the 
ductility of eupiHT. The toughness and resiliency of alumin- 
ium iN increased by 2 per cent of titanium, but this alloy lacks 
durability, A titanium-silver alloy * added to molten silver 
improves the structure of the metal and prevents spitting " 
during the cooling process. An alloy of manganese, containing 
:«> :$r> js»r cent titanium, is used as a deoxidizer in bronze prac- 
tice, An alloy of silicon and titanium is produced * by smelt- 
ing TiOj and Sit ) 9 with carbon in the electric, furnace. It is 
used for the addition of both silicon and titanium to steel. 

1 It, Tran*. Am, Irymrn'* Annir. 17 8 7 (UKIH) ; Hull. Am, 

hut. Miu. tint/. Hi It!, p, 12415; Hlwam. ('hem. tint/. 13 287 (Kill) ; Ht/uiuhton. 
Trim*. A at, hut. Mm. tint/. 44 '.'SI! (11112). 

* Tran*. Am, Htrrtrurhrm. tine, SI filij ( 11120). 

* fta Mineral Inrhutry, 3 718 (1900). 

*H»s> MrUtl uml tin. 11 10 »mt 411 (1914). 

* IU.wi. f. S. J’nt ¥ , | .024,478 m*tl 1 .028,420. Aim. 1912, 

* Jmtr, Hoc, Chem, Iml. 89 01)0 (1910); nee, also, Iron Aon, June 1, 1918 p, 1840. 
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1 l^wtoff, Jour tnd tnd gni Clurm t 711 (1900) 

* I 'hrtn, and A/tl Eng 14 91ft (101ft), 
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slight tendency to vaporize, and the brilliant light emitted. 
The filaments must be made of very pure titanium, since even 
traces of impurities render them extremely fragile. The cost 
of producing the pure metal makes these filaments prohibitive. 
Efforts have also been made to utilize the brilliant light of 
titania in incandescent gas mantles. 

As mordants and dyes the compounds of titanium find a 
variety of important uses in dyeing cotton, wool, paper, and 
leather. If leather or textile goods are immersed in a solution 
of a titanium salt and then steamed, the hydrated dioxide is 
precipitated. This forms permanent lakes, producing bril- 
liant colors when the material is put through the dye bath. 
In the more delicate fabrics titanium salts of organic acids are 
used to prevent injury by free mineral acids. Formerly quad- 
rivalent titanium compounds were used for this purpose, but 
they have been very largely displaced by trivalent salts, which 
are serviceable not only as mordants but also because of their 
great power as acid-reducing agents. The chloride, TiCl 3 , 
and the sulfate, Ti 2 (S0 4 )3, are the salts generally used. In 
using direct dyes on cotton goods, sometimes the color is un- 
even or the shade too deep. If it is necessary to remove the 
dye, a process called stripping, it may usually be done quickly 
by immersion in a 1 to 5 per cent solution of titanous salt. 
In the same way in figured goods in which the color has " run,” 
the background may be whitened. 

Potassium titanium oxalate is used extensively for both mor- 
danting and dyeing of leather, giving various shades from yellow 
to brown. The lactates of titanium under the trade name 
" corichrome ” are used in the leather industry both as mordants 
and “ strikers.” The use of titanium salts in dyeing leather 
does not produce so brittle a product as iron salts, 

Titanium 'pigments are known in several colors, The ferro- 
cyanide has a fine green color, used in place of arsenical pig- 
ments in wall papers, Various shades of yellow, brown, and 
red are produced by roasting rutile or ilmenite with other 
materials. A light yellow pigment made from ilmenite 1 forms 
a protective coating for iron and steel, especially when mixed 
with asphalt. Precipitated Ti0 2 , titanium white or " titanox,” 


1 R. J. Anderson, Jour. Frank. Inst. 184 467 (1917), 
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has been used successfully 1 as a paint base, where its perma- 
nence, great opacity, and non-poisonous nature have increased 
its popularity very rapidly. It may be used in mixture with 
BaS0 4 , forming essentially a titanium lithopone. Calcium 
titanate also gives promise of becoming a useful paint material. 2 
Titanium paint is unaffected by sea water, 3 has no saponify- 
ing action on linseed oil, and has more than a third greater 
covering power than white lead. The manufacture of titanium 
paints has reached large proportions at Niagara Falls and in 
Norway. 

Ceramic colors frequently utilize titanium compounds. 
Rutile is used to give a soft yellow under-glaze color to porce- 
lain, replacing the more expensive uranium compounds for 
this purpose. It is also used in tinting artificial teeth, porcelain, 
tiles, etc., in which the amount varies from 0.5 to 5 per cent, 
depending on the depth of color desired. The characteristic 
blue color of sapphires is presumably due to trivalent titanium, 
since synthetic stones identical with the natural product have 
been prepared 4 by fusing alumina with Ti0 2 and Fe 2 0 3 - 

Titanium trichloride has been used 5 extensively in the labora- 
tory as a powerful reducing agent. It reduces many organic 
substances and one part of gold in twenty million may be de- 
tected by the colloidal solution which it produces. In about 
1 per cent solutions it is convenient for the quantitative deter- 
mination of iron, copper, 6 tin, chromium, hydrogen peroxide, 
chlorates, nitrates, hydroxylamine, and many other substances. 7 
Its use has been much more general in Europe than in the 
United States, where its introduction has been hindered by the 
difficulty of preserving an accurately standardized solution. 
Its popularity is increasing rapidly and 15-20 per cent solu- 
tions of titanous chloride or sulfate may now be obtained from 

t H. A. Gardner, Circular 02, Edue. Bur. Paint Mfg. Assn, of U. S., April 
1919 ; also Chem. Ztg. 43. 356 (1918). 

1 U. S. Pat. 1,436,164, Nov- 21, 1922. 

* Chemie et Industrie, 6 815 (1921) . 

* Vemeuil, Compt. rend. 150 185 (1910). 

* See Ber. 36 166, 1549 (1903) ; Brandt, Chem. Ztg. 43 433, 450 (1918) ; 
Jour. Am. Chem. Soc. 43 91 (1921) ; also, New Reduction Methods in Volumetric 
Analysis, Longmans, Green and Company (1918) - r Hendriison and Verbeek, 
Jour. Am. Chem. Soc. 44 2382 (1922); Hans Rathsburg, Ber, 54, B 3183 
(1921). 

8 W. M. Thornton, Jr., Jour. Am. Chem. Soc. 44 998 (1922). 

7 *' Titration of Azo Dyes with TiCIj.*’ D. O. Jones and H, R. Lee, Jour. Ind, 
and Eng. Chem. 14 46 (1922). 
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American manufacturers. These solutions may safely be di- 
luted for use if sufficient acid is added to prevent hydrolysis. 
The standard solutions should be kept in an atmosphere of 
hydrogen, but the titration may be made in air although some- 
what better results are obtained in an atmosphere of carbon 
dioxide. 

Titanium tetrachloride came into great prominence during 
the war as a material for producing toxic smoke. Its value 
in this connection depends upon the fact that the colorless 
liquid is quickly hydrolyzed in moist air, forming the dense 
hydrate, TiCl 4 • 5 H 2 0. If the amount of moisture is excessive, 
the hydrolysis is complete, giving HC1 and Ti(OH) 4 , which has 
less obscuring power. In case the latter reaction takes place 
the density of the cloud is greatly increased by adding NH 3 , 
which forms a cloud of NH 4 C1. If, however, NH 3 reacts with 
TiCU in the absence of moisture, TiCl 4 * 6 NH 3 is formed, which 
has little obscuring power. Consequently when TiCl 4 is used 
in shells it is generally planned to disperse it with a high ex- 
plosive, and after a few moments ammonia from a separate com- 
partment is also dispersed. In this manner the total obscuring 
power 1 is 50 per cent higher than is obtained from SiCl 4 . The 
latter is more volatile, therefore more easily handled from a 
nozzle, and requires a very wet atmosphere for giving its highest 
obscuring power. Consequently it is better adapted for use 
in the navy. But in the army, TiCl 4 is used in -shells and gre- 
nades. The production of TiCl 4 during the war became an im- 
portant industry, crowding out for the time the manufacture 
of titanium pigments. During 1918 it is said that 160 tons of 
titanium ore were used 2 in the production of tetrachloride for 
military purposes. 

Titanium compounds find a limited use in pyrotechnics, 
where they increase the intensity of the light. Ti0 2 is deposited 
in minute particles on CaS0 4 in the manufacture of linoleum,- 3 

it was also used in place of SnO? as an opacifier in glass and, 

• 11 

> The total obscuring power (T. O. P.) is the product of the volume of smoke 
in cubic feet produced by 1 pound of the substance, multiplied by the density 
of the smoke. The density is the reciprocal of the depth of smoke layer in feet, 
beyond which it is impossible clearly to distinguish the filament of a 40 -watt 
Mazda lamp. The T. O. P. of phosphorus varies from 3000 to 16,000, depend- 
ing on the humidity. 

2 See Tram. Am. Electrochem. Soc. 35 323 (1919). 

2 Brit. Pat. 110, 324. 
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enamels ; the nitride may become useful for the fixation of at- 
mospheric nitrogen as well as for a refractory. Clear crystals of 
rutile are used as gems ; “ siloxide ” quartz contains some Ti0 2 
along with Zr0 2 , the product being somewhat more satisfactory 
at high temperatures than ordinary quartz. Pure titanium 
rods are employed in astronomy for the production of spectra. 

Compounds. — Titanium forms four distinct classes of com- 
pounds whose relationships are shown in Table XXV. In 
general the compounds resemble those of zirconium, colum- 
bium, and tantalum. The oxide, Ti0 2 , is a little more acidic 
than Zr0 2 , and most of the titanium compounds easily yield 
a difficultly soluble basic salt, consequently the presence of 
free acid is essential to complete solution, 


Table XXV 

Classes of Titanium Compounds 


Oxide j 

Hydroxide 

Charac- 

ter 

Typical Salts 

Names 

Remarks 

TiO | 

Ti(OH)j 

Basic 

only 

TiCl 2 , TiS, 
TiSO< 

Dichloride 
Monosul- 
fide, etc. 

Easily 
oxidized ; 
not im- 
portant 

Ti 2 0« 

Ti 2 0a X(H 2 0) 

Basic 

only 

TiCIa, Ti 2 S 3 , 
Ti 2 (SO*) a, etc. 

Titanous 
(or trichlo- 
ride, sesqui- 
sulfide, etc. 

Easily 

oxidized 

and 

strongly 

hydro- 

lyzed 

Ti0 2 

Ti(OH) 4 

Feebly 

basic 

TiCl 4 , TiS 2 

Titanic (or 
tetra) chlo- 
ride, disul- 
fide, etc, 

Few salts 
of weak 
acids ; 
forms 
complex 
salts 



Acidic 

Na 2 TiOa 

FeTiOa 

Titanates 

Stable 

com- 

pounds; 

forms 

complex 

titanates 
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Hydrogen appears to combine directly’ with titanium, but the sue* 
cessful preparation of TiH 4 has only recently been accomplished. 2 It is 
best prepared by the electrolysis of a dilute solution of H 2 S0 4 with a tita* 
mum cathode. It is a colorless, odorless gas, which burns readily, and in 
Marsh’s test leaves a residue varying from black to brown, gradually 
becoming greenish. 

With oxygen titanium forms TiO, Ti 2 Oi, and Ti0 2 ; other oxides, TijO ( , 
Ti 7 0 )2 , Ti 2 O e , and TiOj, are described, but their existence is doubtful. 

TiO is formed by reduction of Ti0 2 with carbon or a metal like zinc or 
magnesium: 2 Ti0 2 + Mg = MgTiOs + TiO. This reaction shows that 
Ti0 2 is more difficult to reduce than Si0 2 . Ti(OH) 2 is a black precipitate 
formed when an alkali is added to a solution of TiCl 2 . 

Ti 2 Oa is formed by reducing Ti0 2 with hydrogen or when the vapors 
of HC1 and TiCl 4 are passed over white hot Ti0 2 . 

Ti0 2 may be prepared artificially in the three crystalline 3 forms, since 
anatase is the stable form below 860°, brookite between 860° and 1040°, 
and rutile above 1040° C. The amorphous Ti0 2 is prepared by precipita- 
tion of a quadrivalent salt with ammonia or by igniting ilmenite with 
chlorine and hydrogen chloride: 2 FeTiCh + 4 HC1 + Cl 2 = 2 FeCla + 
2 Ti0 2 + 2 H 2 0. From this mixture FeCU is removed by distillation. 
Ti0 2 is insoluble in water and difficultly soluble in acids, but it dissolves 
in sulfuric acid when heated. On fusion with the alkalies or alkali car- 
bonates it forms titanates. 

Orthotitanic acid, presumably Ti(OH) 4 , forms a gelatinous white 
precipitate when ammonia, the alkalies, or alkali carbonates are added to a 
cold solution of a titanate in HC1. When first formed it is soluble in dilute 
acids, but on standing, and especially on heating, it is gradually dehydrated, 
forming more sparingly soluble hydrates. On ignition it glows, yielding 
Ti0 2 . 

Metatitanic acid, TiO(OH) 2 , is formed by heating a solution containing 
Ti(OH) 4 or a titanic salt, or by action of nitric acid on the element. 
Ti(S0 4 ) 2 is easily and completely hydrolyzed on boiling. The meta acid is a 
soft white powder, insoluble in hydrochloric acid, forms colloidal solutions 
readily, and when ignited yields Ti0 2 without glowing. 

When H 2 0 2 is added to a titanic solution a yellow color is produced, 
generally ascribed to the formation of derivatives of the superoxide, TiO«. 
These pertitanites may, however, be related to TiiO s . 4 Other derivatives 
have been formed, 5 such as NatO^ Ti0 3 • 3 H 2 0, Ba0 2 • TiOs • 5 H 2 0. 

With nitrogen titanium reacts vigorously, forming a compound now con* 
sidered 6 TiN, though various formulae were formerly assigned to it. It 
is also prepared by heating a mixture of Ti0 2 and carbon in the presence 

’E. A. Schneider, Z. anorg. Chem. 8 81 (1895). 

2 A. Klauber, Z. anorg. allgem. Chem. 117 243 (1921). 

3 See Knop, Jahrbuch Min. 1877, 408 ; Daubree, Compt. rend. 39 227 (1849), 
30 383 (1850), 39 153 (1854). 

* M. Billy, Compt. rend. 172 1411 (1921). 

5 Melikoff and Pissarjewski, Ber. 31 678, 953 (1898). 

« Ruff and Eisner, Ber. 38 742 (1905) ; 41, 2250 (1908). 
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of nitrogen or Ti0 2 with ammonia. It is as hard as diamond, and exceed- 
ingly refractory. A nitride, Ti 3 N 4 , is also formed,’ but no nitrate, other 
than the basic salt, 5 Ti0 2 • N 2 0 5 - 6 H 2 0. 2 

With fluorine titanium forms TiF 3 and TiF 4 . The former is produced 
when K 2 TiF« is ignited in a stream of hydrogen or when the same sub- 
stance in solution is reduced by zinc and HC1 or sodium amalgam. 

TiF, is best prepared by the action of anhydrous hydrogen fluoride on 
titanium or titanium tetrachloride. It unites with the metallic fluorides, 
forming sparingly soluble titanifluoridcs of the type M’ 2 TiF 6 and M"TiF„, 
which are isomorphous with the similar silicon, zirconium, and tin double 
fluorides. It does not combine directly with HF, but yields additive corn* 
pounds with ammonia and pyridine. 

With chlorine titanium forms three classes of compounds in which it 
is bivalent, trivalent, and quadrivalent. 

TiCl 2 is formed by reduction or heating of TiCl s , which yields a mixture 
of TiCl 2 and TiCl ( . The latter may be distilled off. The properties of 
the dichloride vary considerably with the method of preparation. 

TiCl 3 is produced by the reduction of the tetrachloride with hydrogen 
or a metal like silver or mercury. When heated in the air it breaks up, 
giving the volatile tetrachloride and the solid dichloride. TiClj is deli* 
quescent, forms a reddish violet solution with water, and violet crystals, 
TiCls • 6 H 2 0, from a hydrochloric acid solution. An unstable green hydrate 
of the same composition is formed when an aqueous solution of the tri- 
chloride is covered with ether and saturated at 0° with HC1. From the 
violet form all the chlorine may be removed by AgNOs, but this is probably 
not true of the green modification. The trichlorides of chromium and 
vanadium likewise are known in two forms. TiCl 3 forms double salts with 
the chlorides of rubidium and caesium. It is a more powerful reducing 
agent than stannous chloride and on this account finds extensive applica- 
tion in both qualitative and quantitative analysis. 

TiCl« is prepared by passing chlorine, carbon tetrachloride, or chloro- 
form over the metal, its carbide, the ferrotitanium, or a mixture of the oxide 
and carbon. The crude TiCl, may be separated by fractional distillation 
from SiCl 4 . 

Titanium tetrachloride is a colorless mobile liquid which has a specific 
gravity of 1.76 at 0° ; it freezes at — 23° and boils at 136°. It is hydrolyzed 
by water, for mi ng a series of oxychlorides. In spite of its hydrolysis TiCI 4 
dissolves in water to a clear solution because enough HC1 is formed to pre- 
vent the precipitation of Ti(OH) 4 . On boiling the precipitate appears. 
The chloride dissolves readily in HC1, apparently forming H 2 TiCl»- On 
adding NH 3 or organic bases to this solution crystals of the type (NH 4 ) 2 TiCl 4 
are formed. The chloride forms many stable additive compounds with 
non-metallic chlorides such as : TiCl, • PC1 3 ; TiCl 4 -PCU; TiCU-POCl»; 
TiCl 4 • 2 POClj, etc. Additive compounds are also formed with ammonia 
and organic substances. 

’ Ruff and Treidal, Ber. 45 1364 (1912). 

2 Mere, Jour, prakt. Chem. 99 157 (1866), 
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With the other halogens titanium forms TiBr s , TiBr 4 , TiCl 2 Br 2 , TiClBr 3| 
Til 2 , Til Til 4 . 

With carbon titanium combines directly, forming TiC, which is a metallic 
appearing substance used somewhat in artificial lighting. If nitrogen is 
present also, a cyanonitride, probably Ti(CN) 2 -3Ti 3 N 2 , is formed. Tita- 
nium forms simple or double salts with many organic acids, such as formic, 
acetic, oxalic, tartaric, thiocyanic, and thiocyanuric. 

With sulfur titanium forms the three sulfides, TiS, Ti 2 S 3 , and TiS 2 , besides 
corresponding normal, basic, and double sulfates. The ability to form 
sulfates distinguishes titanium rather sharply from silicon and germanium. 

TiS is a very stable compound formed by the reduction of the higher 
sulfides with hydrogen at high temperatures. It is a dark red metallic 
appearing substance, resembling bismuth. It is unaffected by dilute 
acids or alkalies, but it is slowly oxidized by nitric acid and aqua regia and 
dissolved by concentrated sulfuric acid. 

Ti 2 S 3 is produced when TiS 2 is moderately heated in hydrogen ; or when 
Ti0 2 is heated to bright redness in moist H 2 S and CS 2 vapor ; or when TiN 
is heated with sulfur and hydrogen. It is a black metallic powder, insoluble 
in dilute acids but dissolved by concentrated sulfuric and nitric acids. 

TiS 2 is formed by the action of CS 2 upon Ti0 2 ; by heating Ti0 2 , 
sulfur, carbon, and sodium carbonate ; or in purer form by passing TiCU 
vapor with H 2 S through a heated porcelain tube. It dissolves in acids 
with difficulty, and decomposes in boiling potash, giving potassium sulfide 
and titanate. 

Ti 2 (S0 4 ) 3 is prepared by reducing Ti0 2 with sulfuric acid and heating 
with an excess of the acid. It forms typical alums with the alkali sulfates 
and other more complex double sulfates like 3 Ti 2 (S0 4 ) 3 • Rb 2 S0 4 • 24 H 2 0 
and 3 Ti 2 (S0 4 ) 3 • (NH 4 ) 2 S0 4 • 18 H 2 0. 

Ti(S0 4 ) 2 • 3 H 2 0 has been described,’ but its existence is doubtful. The 
basic sulfate, 2 Ti0 2 - 3S0 3 ■ 3 H 2 0, and the titanyl sulfate, Ti0SO 4 , are 
definite compounds related to the normal titanic sulfate. 

Titanium also forms such compounds as TiP, Ti0 2 • P 2 C> 5 , and TiSi 2 . 

Detection. — Titanium compounds do not color the Bunsen flame, but 
show a number of spectral lines in the blue and green region. The borax 
or phosphate bead is colorless in the oxidizing flame, and after heating in 
the inner flame is yellow while hot and violet when cold. 

All titanic salts are hydrolyzed on dilution and boiling, especially in the 
presence of Na 2 S 2 0 3 , but not in the presence of citric and tartaric acids. 
If KOH is added to a cold titanic solution, Ti(OH) 4 , easily soluble in acids, 
is precipitated ; but if the solution is hot, TiO(OH) 2 , more difficultly soluble, 
is formed. 

K 4 Fe(CN) 6 gives a brown precipitate from slightly acid solutions. 

H 2 0 2 produces a yellow or orange-red color when added to a slightly 
acid solution of a titanic salt. Vanadic salts must be absent. 

Thymol added to a sulfuric acid solution of titanium produces an intense 
blood *red color. 


l Glatzel, Ber. 9 1829 (1876). 
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A titanic salt in acid solution may be reduced to the trivalent con* 
dition by zinc or tin. The solution is violet in concentrated solutions, 
pink in dilute. Dihydroxymaleic acid gives a dull yellow-brown color, 
which becomes a brilliant orange by oxidation. 

TiO^ is not volatile when heated with H 2 SO 4 and HF. 

Cupferron precipitates titanium.’ 

Estimation. 1 2 * — Titanium is determined gravimetrically as Ti0 2 . It is 
precipitated as the hydroxide with ammonia or by hydrolysis of the salts ; 
or precipitation may be accomplished with cupferron after removing iron . 8 

Estimation may be made colormetrically 4 by adding H 2 O 2 to the solu- 
tion and comparing with the color of a standard titanium solution. 

Volumetric determination may be made by reducing the titanium to the 
trivalent condition with zinc and then titrating with potassium perman- 
ganate, ferric chloride, or methylene blue . 5 

1 Jour. Am. Chem. Soc. 42 1439 (1920) ; Jour. Ind. and Eng. Chem. 12 344 
(1920); Analyst, 44 307 (1919). 

2 See Hillebrand, Jour. Am. Chem. Soc. 39 2358 (1917); also, ibid. 42 36 
(1920) ; Ettele, Chem. Analyst, 27 10 (1918); Cavazzi, Ann. chim. applicata, 
11 94 (1919); C. Grandjean, Chemie et Industrie, 8 46 (1922). 

• Waddell, Analyst. 44 307 (1919). 

4 Cavazzi .Ann. chim. applicata, 12 105 (1919) ; T. Dieckmann, Z. anal. Chem. 
60 230(1921). 

5 F. Ferreri, Qiom. chim. ind. applicata, 2 497 (1920) ; C. A. 15 2261 (1921). 
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GROUP IV — ZIRCONIUM 1 

Historical When studying some wimples of tlm mineral zircon from 
< Vylun, Klaproth in 17S!I found u large iiliiuunt of an oxido which resembled 
idniuiiia chiscly hut, differed from it in being insoluble in alkalies. It 
proved to !«• tin* oxide of u new metal tu which the name zirconium was 
applied from Hit* tninerid zircon, which name is pndiiddy a eomiptiun of 
jargon, a Persian word meaning gold ’colored. ItorzoliUH studied the 
clement and its compounds, which he wippoHed were, trivalent. He first 
prepared the metal as an iron gray powder in 1821 by reducing potassium 
floiizireonnto with ixitussiiun. Tlio crystalline metal was first prepared 
by Tnsist, in IHttfi, In 18, r i7 Devi He and Troost determined the, vapor 
density of the chloride and estiddishod tlm ijuadrivaleuee of tho oloment. 
The homogeneity of zireonia has liecn frequently questioned hceanso of 
the complex mixtures in which the element is found in nature, the difficulty 
in the preparation of pure materials ntul the ease with which zirconium 
forms widely divergent Iwisic compounds. In 184fi Hvanlierg reported tho 
pew earth n»iri» ; in IH<H Nylunder believed 1m had Hcpamted two now 
oxides from zireonia; in 18ti*,t Horl >y announced the discovery of jargonia 
»ti*l < ‘hureh found the new element nigrium ; in 1901 llufmann and 1‘randtl 
clnioinl to have separated elixenerde from the zireonia of ouxenite. Kach 
of these announcements has failed of confirmation, and zirconium is eom- 
motdy regarded s as n distinct ehctttienl individual, 8 

Tin* chemistry <tf the, element has developed very slowly because pre- 
vious t,o lHJKJ the main source of supply wus the searno mineral zircon, 
which is very refractory. With the discovery of haddeloyito, a natural 
oxido, in 18!)‘J n much larger supply of material became available, and its 
extraction has been greatly simplified, 

Occurrence , 4 — Tito chief zirconium minerals arc zircon, 
tin ortltosiiicnto, Zr»Si()«, luul baddeloyite, Zr0 2 , with traces of 

‘ Hoc " '/iri'onimn and Us fumpouiela,” l>y I’. P. Venable, Am, Chum, Hoc, 
Mo<un/rni‘h (1*.I22). 

i Hauser nod Wirtll, lire. 42 <443 (HKKI) and 43 1807 (1910). 

* Tie* timiuuiiremeiit wits recently made of tic, separation of another element 
(r»m zirconium, foster and ilevesy (see Nature, Jan. 20, 1923, p. 79) have 
separated fn.m zirconium material o solistimee whoso X .ray spectrum linos 
.■nil, rid., r Inwt v with the js>siti<U( wliicii slimild Is, occupied by the linos of tho 
eleoairt wls.se atomic nuiolsT is 72. They have namod the now element 
hafnium, from Ibifolin*. » name for Coismbagolt. They report that most 
zir.nuiofli ores cohloin 0.01 to 0,1% hafnium, but a Norwegian ore contained 
Hlssit 1% Ilf the new element. Its atomic weight i* somewhere between 120 
and 181 . 

' Boo W. T» Hr halier. Min, Henauretn of V, » 8 ,, 1916, part II, pp, 377-386, 
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the oxides of iron, calcium, titanium, thorium, and many other 
elements, Zircon forms tetragonal crystals with a density 
4.6-4, 8 and hardness 7.5. They are colorless, red, yellow, 
brown, blue, or green, The more delicately colored ones are 
used as gems under the names hyacinth, jargon, jacinth, or 
Matara diamond. Zircon is found chiefly in Ceylon, the Ural 
Mountains, Greenland, Australia, the Carolinas, 1 Virginia, 
New York, and Colorado. The mineral badddeyite, similar 
to brazilite or zirkelite, 2 is found mainly in Ceylon and Brazil, 
Extensive deposits,' as yet undeveloped, exist in the Caldas 
region of Brazil, 3 where it is mixed with zirconium silicate. 
Isolated bowlders weighing as much as 30 tons are described. 

In addition to these minerals, zirconium is found in several 
rare minerals which are mainly silicates, less commonly titanates 
and tantalates. It is widely distributed in various igneous 
rocks and is a frequent constituent of rare earth minerals, It 
has been found in spring water and in the solar spectrum. It 
is doubtless present in small quantities in many materials in 
which its presence is not suspected because of the lack of a deli- 
cate and characteristic test. 

The production of zirconium minerals has never been exten- 
sive, nor has the supply been uniform. The United States 
production has come almost entirely from the North Carolina 
deposit, which rarely produces more than a ton per year, though 
in 1883, 26 tons were reported. The exportation from Brazil 
also shows a wide fluctuation, varying from 7 tons in 1903, to 
1119 in 1913, and 8 tons in 1915. The demand during 1920 
was brisk, due to increasing interest in zirconia. During the 
first half of the year zirkite ranged in price from 4J to 7 
cents per pound wholesale, but during the latter part of the 
year the price fell to 3£ to 4 cents per pound, 

Extraction, — From zircon 4 extraction may be made by sev- 
eral methods ; (1) fusion with acid potassium fluoride and ex- 

1 See J. H. Pratt, N. Car. Oeol. Sun. Bulletin 25 (1916). 

1 The names of these ores are used loosely, especially in commercial circles. 
Baddeleyite is ZrCV, brazilite is the Brazilian dioxide, mixed with varying 
amounts of zirkelite, which is (CaFe)0-2(ZrTiTh)Oa, zircon, and a nsw unnamed 
silicate. The term zirkite is a trade name, applied to the partially purified Ore ; 
this name does not appear in the 1922 edition of Dana’s Mineralogy. 

s See Miller and Singewald, The Mineral Deposits of South America, McGraw- 
Hill Company (1919). 

4 Zircon may be more easily ground to a powder if the ore is first heated 
strongly and then plunged into cold water. 
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traction with hot water ; potassium fluoziro.onate crystallizes 
cm muling; (2) fusion with potassium hisulfate and extraction 
with dilute ixiiling sulfuric acid; the basic sulfate is left nndis- 
solvcd ; (3) heating with NaOH and NaF and extracting with 
Willed, the sparingly soluble sodium zirconatc is dissolved in 
Ilfl and on cvai Miration ZrOOl* separates; (4) fusion with 
XttjfK), and extracting with water. The zirconatc is dissolved 
in IIC1 or II,.S(V 

The preparation of zirconium material from baddelcyite usu- 
ally consists in the removal of iron, silica, and less commonly 
titanium. Fed is present in amounts varying from 0.82 per 
limit to 10.2(1 jkt cent., silica 0. 10 to 20.30, and titania from a 
trace to 3,12 jnir cent,. The method of treatment depends upon 
the purity desired in the product, (1) Boiling with strong HC1 
or 1 1 -SO , removes most of the iron anil titanium ; ignition with 
II F and H 3 SO 4 removes the silica. J (2) For a product free from 
imparities, it is recommended that the ore be fused with Na 2 COa 
mid NaylMb- 5 The melt is extracted with water and the 
zirconium salt crystallized out. J (3) Fusion with NaOH 3 in 
an iron crucible following by extraction with waiter anil HOI, 
then precipitation of basin zirconium sulfate yields a pure prod- 
uct, ( 1; Fusion with BsiOO* at 1400° for 2 hours gives barium 
zirennsitc, which may he dissolved in 11(3 and the solution evap- 
orated to remove silica. Dissolve, the zirconium in acid and 
alhiw Zr< )( Tv to crystallize. (fl) By heating the ore in the elec- 
tric are with curium the nun-volatile zirconium carbide is formed 
and is easily separated from the volatile silicon carbide. Aqua 
regia is used to dissolve the ZrO, (I>) A method recommended * 
for the large scale purification of zirkito consists in mixing the 
ore with sufficient curium to form silicon carbide, then heating 
in an are furnace In a trail M*rat.i ire above 2220°. This removes 
1H) ’)"> per cent of the silicon, hut. no iron, Next the material is 
heal ed in I he presence of chlorine or phosgene, to remove iron, 

Separation. The zirconium compounds prepared fro/n the 
ores almost invariably contain iron, which is difficult to remove 
completely. Several methods are available for separating iron 

1 If. S. Pot, I .2111 .IMS. A aril 9. ISIS, claim* that by a nlmilar method 99.6 per 
cent Zrl l, tu.ty !»• <diliiltte<l. 

* Mcc ,‘ilmi jw'ltMiif and Hhnw, Jour. Am, Chirm. Hoc. 44 2712 (1922). 

* H«**iU'r ami Sunder*, June. Hoc, Clout, ftttl, 40 71! 1* (1921), 

* J, C. Tiiouuwon, /'roc. Am. KUxtrocItcm. Hoc, 80 446 (1921), 
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ami zirconium. (I) Nn-HJ b, added to :t haling hot solulinn 
i>f zirconium Halt which contains a little free acid, ’i*»*s 

zire.onia, thoria, and titnuia, hut iron, aluiuiniiini, and the rare 
earths are not precipitated. (2) (Nil i.iyS in the procure of tar- 
taric- acid precipitates iron hut n«*l /.irciiuiiiin. dti l-.llmr ex- 
tracts l*VOh from a solution cuiiluiiiing IK1, l"it not Zr( I,, 
(•t) RcjK'ated crystallizations of the oxychlorides will separate 
iron and zirconium. (5) Vaporization of !•'«•< 'I ( at ‘Jtto <*. 
(0) Phenyl hydrazine and sulfurous acid precipitate zirconium 
hut not iron. 

Zirconium may lie separated from titanium by fl; boiling 
with dilute sulfuric and acetic acids, titanium being pnripU 
tated ; (2) reducing titanium to the trivnlcnl condition and pre- 
cipitating potassium zirconium sulfate; f.'tl precipitating hash' 
zirconium phosphate with hydrogen (wmxide and sodium phos- 
phate. 

Zirconin may he separated quantitatively from silica hy 
fusion with iVa 3 ( *( >., ; extract tlie melt with water, filter, evap- 
orate with nitric acid, dehydrate the silica, and cxjiel it with 
IIP and I!jH(>«. 

Titanium and tin may Is* removed from zirenaimn hy ftisimi 
with large excess of K1IS() 4 ; dissolve in water and nitric arid, 
and ignite the HnO» rcshlne, Carefully neutralize the solu- 
tion and precipitate the zirenaimn with H s O* uud from the 
filtrate precipitate the tituniitm with XH«OH. 

Metallurgy. — Pure zirconittm is difficult to obtain fur 
several reasons; the oxide is very stable uud does ant decom- 
pose except at a tetti|ieruf are at which the reoxidutiim of the 
metal is prevent'd with difficulty ; zirconium combines readily 
with oxygen, nitrogen, hydrogen, boron, silicon, and alloys 
readily with metuls which might serve as reducing agents such 
as magnesium or aluminium, 

The attempts to prejaire metallic zirconium htive been made 
by the same methods and with much the Maine results ns those 
used in the reduction of titanium. The most important in- 
vestigations are ns follows; (1) Berzelius reduced 1 potassium 
flttozirconate with jxitassium and obtained an amorphous pow- 
der which must have contained much oxygen. (2) Troost* 
passed the vapor of ZrCl 4 over heated sodium or magnesium and 

1 Poov, Annalm 4 117 (1834). 'Compt rend, *1 100 (ihttfl 
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obtained a fairly pure metal in powder form. (.'!) Weiss and 
Neumann nlflaiitfti * the element by reducing iMitassiuin fluo- 
zireonul c with sen limn in an iron bomb containing Nad. Their 
product rout ail ml i>7 98 per rent zircon imii and when lined ns 
electrodes in a vacuum are, tin* practically pure metnl was ob- 
tained. By replacing the sodium with aluminium a coherent 
product 99.8 jkt cent pure was obtained.* M) The unhyilrouH 
chloride may be reduced ;l in a vacuum with sodium, (ft) The 
oxide is pretty successfully reduced with magnesium,* or car- 
bon nt the high leniperuture of the electric. furnace,* or cal- 
cium ia an evacuated iron dish.* 

Tin* rapid progress being made in the development of the 
chemistry of zirconium leads to the prediction 7 that the metal 
in powder form will soon be available in sen ii-enmi iter cial quan- 
tities at a price of about §12 js*r poimd for material 95 per 
cent pure. 

Properties, — Many conflicting statements are made in re- 
gard to the pn>|*rl ies of zirconium. This fact is easily under- 
stood when it is remembered that the pun? element has rarely 
if ever been prepared, and many statements are based on the 
conduct of alloys or mixtures. l*'oriuerly it. was stated that the 
element exists both in a crystalline and amorphous for graphitic) 
condition, but this statement is ye), to be proven with pure 
material, The purest zirconium is known as a black amorphous 
powder, which burns brilliantly when heated ton high tempera- 
ture in the air. The heat of combustion is given as 1958.7 
calories per grain. It is oxidized when fused with alkali ni- 
trates, carbonates and chlorates, but is only slightly attacked 
by acids. When the impure powder is pressed into jieneils 
and heated in hydrogen at low pressure, the metal melts, form- 
ing steel-gray dro[is which take a high |s>lish. The hardness 
of the compact metal is still o|H*n to question, Moissnn report- 
ing 4,7, Mnrden and Kieh * 9.7, and others giving values ns high 

■ Wei** met Nminmnn, Ztit. anurff Chrm. M l!IS (MHO); mmi !tl»» i!>ui M 
m (1017) 

* M »eli>n n)rl He’ll, Jnnr. hut amt ting Chtm 12 lifti 1 IWZO), 

•W> tud IlnnitiiifieT, Zrtl. niwru ('.turn i 97 'JO 0 (IWH), 

* I'hilwiii, < ‘urn lit rrtul 61 74"> ( IWl.'il 

* Mnewiri, ('ampt rrtul lit t'JTJ (IXJZI). 

* YVwtekiwI, Anmil.n S9S Ml) (til Cl) 

’ II. O. Meyer, fine, amt Min Jaur 111 II»1 (llttil). 

* Miotic n am! Hirli, t>ic nt, 
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as 7 or even 8. The statement that it is hard enough to scratch 
quartz or rubies probably refers to material containing con- 
siderable carbide. Determinations of the melting point vary 
from 1530° (Burgess) to 2350° (Von Bolton) ; recent specific heat 
determinations vary from 0.0656, giving an atomic heat of 6.19, 
to 0.0804 corresponding to an atomic heat of 7.31, the highest 
atomic heat assigned to any substance. The metal has been 
reported both paramagnetic and diamagnetic. 

Zirconium burns readily in air, the powder form more readily 
than the compact form. The affinity for oxygen is so strong 
that zirconium will reduce the oxides of lead, copper, boron, 
titanium, and silicon. The oxide is very stable. Zirconium 
combines with hydrogen when heated below 700°, but at 800° 
the hydrogen is completely expelled ; a nitride is formed when 
the metal is heated in the air or in ammonia, but this compound 
does not exist above 1000° ; it also forms a carbide, a silicide, 
and a boride by direct union of the elements; chlorine and 
bromine form tetrahalides and sulfur combines with the hot 
metal. Zirconium is slowly dissolved by hot HC1 and H2SO4 ; 
HN0 3 has very slight action, it is rapidly oxidized by aqua 
regia, and hydrofluoric acid is its best solvent. The impure 
metal dissolves in alkaline solution with the evolution of hy- 
drogen, but the pure metal does not. 1 Fused alkalies attack 
zirconium somewhat, while fused KN0 3 reacts with it vigorously. 

The compounds of zirconium are frequently found to be radio- 
active, but this is probably due to the presence of related radio- 
active substances, especially thorium. 

Uses. — Up to the present, there have been few suggested 
uses for metallic zirconium. A form of pure metal which is 
malleable has recently been mentioned as possessing proper- 
ties making it an interesting substitute for platinum, But 
no definite announcements have been made. Formerly zir- 
conium filaments were used 2 to some extent in electric lamps, 
but they have not been successful, because of the difficulty in 
preparing the pure metal. The electrical conductivity, high 
fusion point, and high emissive power make such filaments very 
efficient. The marked a ffini ty which zirconium has for oxy- 
gen has suggested its use as an efficient reducing agent in the 

1 Wedekind and Lewis, Ann. 371 366 (1910). 

2 Zeit. angew. Chern. 33 2065 (1910). 
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preparation (if otlier metals; it should also make n valuable 
sea venger. 

The principal uses In which zirconium has been put nre in 
its alloys ami in certain uf its eoi»i|ionnd,s. Doubtless the 
most promising of these alloys is femizimiiiiiint, 1 which may 
he made In reduction of a mixture of zircon and iron ore in mi 
electric furnace ; by fusion of a mixture of /.ire, on, east, iron, lime, 
and tluorspar; ? or hy the redm-lion of the mixed oxides with 
aluminium. As usually prepared, they contain uhout. dO -10 
per cent /.ireonium, with small amounts of earhon, aluminium, 
and litanium usually present. If a low-carbon product is de- 
sired, reheating the ordinary fei'rozireoniuiu with Ti< K is rec- 
ommended. Some of these alloys are resistant 4 to oxidation 
and chemical corrosion, and are sufficiently malleable mid 
ductile to permit their use as filaments in ineandcsvriit lamps. 
Another alloy containing ID- 10 per rent iron mid (iO <10 ixt 
cent zirroniiim, with a little titanium to increase toughness, is 
recommended !| for lamp tilaments. spark points, and trans- 
former elements, h’errozireoiiiiiui has hern used v as a scav- 
enger in the purification of steel in the same maimer us ferro- 
tilaiiiuin, hut it seems to have no advantage aver the hitler. 
Zirconium steel 7 has recently attracted some attention, It 
is known that just before the outbreak of the recent war the 
Krupps were exis-riim'iiling with alloy steels containing a small 
amount of zirconium. These steels m'e said In he well adapted 
for use as minor plate and armor-piercing projectile#* mid fur 
high sjieed tools.® 1 luring the excitement of the war period 
extravagant statements were made concerning the efficiency of 
zirconium steel for use in making light armor plate, hater 
studies In indicate that as much as one per rent of zirconium 
has little effect, either good or had, upon the prnjierties of 
steel. 

•See V. S. Pot I. •tm.gr,.',. I »!-•. 27. 15121. 

> r.s. rni*. t.i'ii. _•!,*, 7 , ret. 

* r.S /*. ii I..I 7 l.irt", April t*,i 2 t. 

1 f', S. Pot. 1.1,11,11^1. 

• r. .S, I’nl I.2tS,Ii|s. 

• Sr- S'l, litter , V. S. U.U. Son. A tin. Hti. II, 2,1 Ulllfi). 

'So- r.s. /'.lie Mul.giii.; I, im, 207. t ter. 27. 15121; met I ,:17 -A .II.'SH, April 
5, 15121. 

' /«■•»« .1 O'. Mav -I. 1507, p ll)7:i. 

* M (irimiin, Min. «<»»/. svi, .Inn,, li'i. |5»js, p, xa:t. 

le H**e NiiHi, UurcHI >,( .S|,i|nl!,r,|.. I k rm. itivl Mil Pit g, tt 0551 fl!>22l. 
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A series of alloys of zirconium and nickel, free fn*m iron and 
carbon, is railed " touij mm*J I <•, " and shows some valuable prujt- 
erties for the preparation of culling t<M<ls.' Tin- alloy may 
be cast. ami only a little grinding is required for tiuivliina. The 
tools arc uelf-hanlcumg. s»* no t juniwriim is iieoded, and since 
the alloy has a high heal conductivity tie tooN ore unusually 
efficient for high si teed Work. Tire hardness is increased hy 
increasing the amount of zirconium. An nll«»y containing 
2 TO per cent zirconium takes a line cutting edge, hut if the zit> 
conium is increased Hi .'it! [ter cent the alloy is very hard, In it 
its melting point anti tensile strength are lowered. If molyb- 
denum is added the inciting [mint is raised. Zirconium alloys 
are also serviceable for iiicrcnsing the strength and resistance In 
corrosion of hrnss «ml hronze. since small quantities aid in 
securing sound castings. 

Other zirconium alloys which have Iteen prepared ami studied 
somewhat are those with cobalt, aluminium, magnesium, and 
silver. Zircon it nn apparently form* no alloys with tin, haul, or 
the metals of the alkali or alkaline earth groups. 

The oxide has 1 wen used in a variety of ways and is at present 
by far the most promising zirconium material from tin* stand- 
point of commercial applications. The projterfies which make 
it especially valuable are its very high melting jKiint, its resist- 
ance! to corrosion evett nt high letti|«*rafures, its low porosity, 
low heutt conductivity, and the low coefficient of expansion, 
These arc the properties of nn almost ideal refractory, hut un- 
fortunately a very small per cent of itnpurif its in the zircon in 
modify these projterties ninterinlly, anti the preparation of the 
pure oxide is still nn cxjtonsive process, 

Zirkito brick for furnace linings has Iteen on the market 
for some time, The use of this mritcriai lots Itcen greatly stim- 
ulated by war conditions, anti the results so far obtained show 
clearly the importance of zirconin as a refractory. Due to its 
low coefficient of expansion (linear coefficient of expansion for 
pure material is 0,00000084 compared to 0,0000007 for quartz), 
it is especially serviceable in furnaces requiring extremes of 
temperature with sudden changes, A small experimental fur- 
nace lined with zirkite material is reported to have shown no 
noticeable deterioration after ISO heats of 2-3 hours each at 
1 U. S. Pott, 1,331.789 (1010) j 1,377,040 (101S) : 1,»H7,M» (Mil). 
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temperatures of 1100° -UiOO" (!. Both heating up and cooling 
off wt>re done rapidly. 

In addition to its use us entire refractory brick, notin' HitmuH 
ban been rtccumplished with zircon in an u coating for other re- 
fractory materials. One Martin-Sir mans furnace was tester 1 1 
out in hUirojK' mid gave excellent, satisfaction for seven or eight 
months, representing ti saving of 50 per cent in the nminte- 
niuire cost, though the initial cost, was high. 

Very interesting results have also been obtained with the* use 
of zireonin in crucibles, muffles, and other high temperature 
utensils, The material is put, together with various hinders, 
Hitch as gelatinous Zr(OlI) 4 , starch, phosphoric acid, glycerine, 
tar, borates, or silicates, deluding on the purpose for which 
the utensils )4 rc to be used- Sometimes magnesia ami other 
refractory materials arc mixed with the zimmia. These dishes 
an 1 dried for several days, then fired .at. 2000° .’NKK)", when 
a ware is obtained which is itnjiervious to most liquids and re- 
sistant to many fusion mixtures. On account of the low ther- 
mal conductivity the walls are made much thinner than when 
day is used. It has been shown by “ accelerated action " 
tests that zircon ia crucibles at tcin|ierntiires of 1200" 1(J(K)° (’, 
withstand successfully the corrosive action of acid sings contain- 
ing manganous and fern ms oxides, glass of various kinds, and 
cobalt-nickel s|M’iss. Resistance to corrosion is somewhat less 
marked in the case of litharge, Portland cement, eopjier oxide, 
ferric oxide, or any basic slag. The zireonin is unsuited for use 
with iron sulfide, sodium hydroxide, or carbonate, cryolite, 
fluorspar, or any charge yielding va[s»rs of fluorine or hydro- 
fluoric mad. Such viijsirs cause the zireonin to swell and be- 
come spongy, while the caustic fusions arc nbsorlied by capil- 
lary attraction which causes the material to crack. Bisulfate 
fusions also attack ziroonia. 

laboratory utensils of zireonin are also available for use us 
eriicibh's, combustion tidies, muffles, pyrometer tidies, etc, 
The most serious obstacle to Is 1 overcome in the niamifucttire 
of this sort of wan* is (Ik* tendency to crack at high temjieni- 
tnres, due to high shrinkage. The most successful method of 
overcoming this defect is to fuse the material to a luird, compact 
mass in an arc furnace, then grind up and mix with a suitable 
> L. Bradford, Chan. Trade Jaur. 63 'JH4 (lUlM). 
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binder, and shape into the desired utensils. This process is said 
to give a porcelain-like ware which has very useful properties.' 
The efficiency of zirconia crucibles is increased by the addition 
of 1 or 2 per cent of alumina, thoria, or yttria, 2 especially for 
use at temperatures 2000°-2400° C. Zirconia ware takes a 
polish well, but it is difficult to find a suitable glazing material. 
A mixture of feldspar, alumina, etc., is quite satisfactory. If 
fired at a sufficiently high temperature, the dishes are quite 
strong, and capable of withstanding a considerable blow. On 
account of the low coefficient of expansion the white hot ware 
may be safely thrust into cold water. It has the advantage 
also of being free from devitrification. 

Recently a brand of silica ware, known as " siloxide,” has 
appeared on the market. It is quartz containing 0.5 to 1 per 
cent of zirconia with titania, which produces increased re- 
sistance to metallic oxides, especially the alkali n e oxides. In 
addition the tensile strength of the ware is increased, and the 
tendency to devitrification decreased. 

The future of zirconia as refractory is still somewhat uncer- 
tain. It has highly desirable properties which would make it 
an ideal material for high temperatures, especially in the elec- 
tric furnaces. But unfortunately it has some properties which 
are fatal to its popularity. Accordingly, zirconia refractories 
are highly praised or vigorously condemned, depending on the 
viewpoint of the experimenter. The main problems yet to be 
solved are connected with costand preparation of a purer material. 
The refractory should be practically free from iron, titania, and 
silica. The removal of iron by a method which will be both 
inexpensive and efficient is probably the most essential step in 
the development of this refractory 3 since iron acts as a flux. 
The successful counteraction of the high shrinkage would per- 
mit its use in situ and accordingly lower its cost and increase 
its usefulness enormously. 

Zirconium dioxide has been used for many years in connec- 
tion with the problems of artificial lighting because of the bril- 
liant light emitted when it is heated to incandescence. As 
early as 1830 an attempt was made to light the streets of Paris 

1 Bayer, Zeit. angew. Chem. 23 485 (1910); Podszus, ibid. 30 (I) 17 (1917); 
Weiss, Zeit. anorg. Chem. 65 220 (1910) ; Ruff, ibid. 86 (1914). 

2 Ruff and Lausohke, Zeit. anorg. Chem. 97 73 (1916). 

S E, H. Rodd, Jour. Soc. Chem. Ind. June 15 (1918). 
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by the use of i ru*:t i n I»*s**«*u I stimuli:* buttons. The first Wels- 
hnrh gas mantle was made largely of zirruuiu, hut this mate- 
rial si Kill \v:is f< >mi ih-ti-iy replaced hy tlinria, since the hitter 
glows :it :i mui'li lower temperature. Fur :t long time zimuii:t 
has 1 m •eii used In ro:U the lime nr magnesia (wueils in I he Drnm- 
iiiiutf I light, when 1 is has distinct advantage because uf its bril- 
liancy :unl the fact that it din’s mil absorb carbon dioxide nr 
moisture i'riiut (lie air. lienee, zireoma peiieifs give a steadin' 
light than either litue or magnesia. Such pencils have been 
used for auliMunliili' headlights, in the Blerint lamps whifh use 
zireuiiia rods healed In incandescence. N'ernst proposed to 
use rmls of pure zirroitiu fur magnesia) in his first attempt 
In obtain a means of illumination hy use of the eject rie current, 
which would he superior to Ihe earhon lilamenl lamp, These 
oxides have t In* disadvantage of requiring preheating, since 
they are niin-eniiduelors at ordinary tempera I ares, hut when 
herded In ahoul filiptliey have the ability to conduct electricity 
at. ordinary voltages, haler lie arranged a slum! circuit with 
a platinum spiral In effect Ihe preheating, and hy using u mix- 
ture of I lie oxides of zirconium, thorium, yl Iriiim, and sometimes 
cerium he obtained quicker response and more intense light. 
These oxides are called conductors of Ihe second order, 1 that is, 
the oxides are nelually ionized, the mclal migrating I elite cathode 
and oxygen to Ihe anode, The gas escapes, hut the metals re- 
combine with oxygen of the air as soon as they are liU'i'ated. 

Zirconium oxide finds numerous oilier applications liesides 
ils uses as a refractory and in artificial lighting. I it ceramics it 
is an opaeifier sold under the trade name " leri'ur," which came 
into extensive use during the war as. a result of the high cost, of 
stannic oxide. 'Hie pure oxide is superior to .stannic oxide as 
mi opacifying agent heeause it is less easily reduced, is less 
volatile, and produces an enamel which is more resistant to vege- 
table and fruit ucid*. il'rcparcd in various ways zireonia is 
used as u toilet [mwder, as it polishing powder, ns a. material for 
manufacturing small electric furnaces, and under the trade 
name ,r kontrast in ” it is used for defining the intestines in 
X-ray studies of digestion. When 1.1 jkt cent ZrU 3 is added 
to porcelain, the strength and elect rintl resistance at high tem- 
|x*rutur<j ant improved. 

1 Ztit. rUrtiiKhnn, 6 M ( tM'J'J), 
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Other couqsinuds of zirconium have been used in many wavs. 
Various attempts lave been made to use zirconium material 
uh filaments in electric lamps. Metallic zirconium. which can 
l>e f lined in the electric arc in Vanin. gives a satisfactory light, 
hut the cost is very high. Zirconium alloys, especially with 
iron, have also been tried hut unsuccessfully. '1 he most prom- 
ising zirconium material for this pur|Mise is the rarhide, which 
can he prepared without dillicully and gives an ejlinent light, 
hilt it. is unable to cniujiele with tungsten filaments, 1 

Zirconium rom|simids, such as the oxide, silicate, basic car- 
bonate, phosphate, etc., are useful as while pigments and paint 
bases. They jsissess good enVering [tower/ mix readily with [mint 
vehicles, arc permanent, unaffected by hydrogen sulfide, acids, 
or alkalies, unci lmve the advantage of being nuu-jtoisonous. 

Zirconium material in the form of tin* oxide and other insolu- 
ble compounds is iiicnri*oiated with rubber * before vulcaniza- 
tion for the double pur[Kise of aeeeler.nl ing Hie vulcanization 
with sulfur and of giving a product of greater toughness and 
tensile strength. 

Zirconium silicate yields a mqicriur spark plug jsircolniii * 
which has high dielectric strength, great mechanical strength, 
and is so indifferent In teiri|iernturc changes llud it may 1st 
heated to ldOO’’ ( ’. and plunged into ice water without develop- 
ing cracks. 

Zirconium basic acetate has lieen uses! for weighting silk; 
several e.orn|X)iunls have linen suggested as mordants and in 
the preparation of lae dyes; the nitrate has ls-en employed us 
a food preservative ; the hard compounds, like the carbide, 
make effective abrasives; the clear crystalline zircon is used as 
a gem, the ml variety Ising known as hyacinth, the yellow is 
called jacinth, the white is known ns jargon, t lir* pale brown 
crystals from Ceylon are decolorized by hent and ealleil Mat urn 
diamonds. 

Compounds. 1 — Zireonium is essentially quadrivalent in its 
compounds. The only exceptions to this fact are in tl«* rami 

* 8e« Ummihniii-r, Zrit. nngrtr. f'hrm. U 3*g» (1WIO). 

•Hen [inmtihtct by ft. A. (inrrliinr, Cirndur O'J (April, 1010), hslnr.*lif>n«t 

Hurciui Paint MniixfmturiT, ,Wn of II. H. 

* If. ft. Pal. I./N7g:,7. N‘i,v. 30. IBIS. 

4 O, A. I’rilclmrit, N. J. Vrtnmut, I Uft (IWil). 

k ter mnr» detniiol infiirmntnm roniftrtiirsl rt^Tiii poninl>uiem« l«i wmo 
of t\us cmnpoumU nf tintmium nee Jmr. Am. ('hum. Sac. 41 17:12 ( HUU) ; ibid. 



ZIRCONIUM 


1(51 


of the hydride, ZrII-. : , the .sesquioxirir, Zr-t >.i, 'and the super- 
oxiiles, Zr/b :uid Zr< >:,. Tlie.se eumpuunds do not form salts 
of the .same order and are not well established, Since zirco- 
nium is definitely amphoteric, il forms two general classes of 
compounds, the zirconium salts and the zirooimtes, The* 
normal zirconium salts, like %r( “h, do not exist in water solution 
since they arc easily hydrolyzed, giving rise to the zircon, v! and 
basic z.ircony! salts which contain the bivalent rmlierd Zr(). 
( 'onsequerdly, compounds of this order are more numerous and 
more important than the normal salts. There is frequently a 
tendency for several zirconyl radicals to combine with one union, 
forming a series of compounds of increasing basicity, This 
tendency is at times so pronounced that it seems impossible 
to consider the products as definite chemical compounds, 
Hindi substances may he considered ns absorption compounds 
in which the colloidal hydroxide has absorbed the ueid radical. 
There is much confusion when attempts arc made to represent 
the composition of the complex zirconyl compounds l>y c.hcnutail 
formula*. 

In its compounds, zirconium resembles titanium closely, but 
differs from it in valence and the degree of acidity of its hydrox- 
ide, Its greater basicity is also shown by the formation of a 
nitrate and earhunate, The fluoxireonafvs resemble not only 
the corrcsjHmding Halts of titanium hut also those of silicon and 
tin. Its qiindriv.'deneo and basicity suggest thorium and there 
is also a resemblance to the eonijxiiinds of germanium. 

tt'U/i h iplrngrn Zirconium form* the bivalent compound Zrfl, by direct 
anion of the elements ul 7110'' and 1 ,f> atmosphere pressure; or bv reducing 
zircon in with l*»tl> hydmgen nnd urn gamma. 1 1 is o solid, resendiliiig 
the hydrides of the, alkali and alkaline earth met ids more closely thuu the 
gaseous hydrides of curio m, silicon, nnd germanium. 'Hie existence of a 
glossitis hydride of zirconium has Isxm denied. 1 

With »xygrn zirconium has ls-»*n nij sorted ns forming a sulesixido, Zr( ), 
Imt its existence is doubtful ; * Zr/)» is formed hv horning the hydride in 
air; hydrated |sroxide*, 7rr,()» • XII/) nnd 7 , rOj • Xii/ t, are formed by pre- 
cipitation in the presence of 11/)* The. only ini|sirtnnt uxidc is 7,t <>|, 

ZrOi may is* prepared in the latsirutriry by igniting the hydroxide, 
nitrate, sulfate, carlsinate, or oxalate. When prepared by gentle ignition 

U -m\ (IfliO) ; ZfU, nnutQ, Chrm. 106 I (IRJO) , Omipt. read, 167 '.’01 (JtttH) ; 
iht'l, 166 \m ; dad. 166 H< (Cl|7i , J.rnr.Vhrm, Sm. Ill fl> :HHS (|tll7t. 

thwart* sad Konrad, Urr. MB Sl'JZ (Uttfll. 

■ Hehwar* and Ucialar, Urr, M (It) IMS', (I'.UW). 
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it is a fine white powder, insoluble in water, easily soluble in acids, but on 
heating to high temperatures it seems to undergo polymerization and is 
soluble only in concentrated sulfuric and hydrofluoric acids. 

Zr(OH) 4 , the normal hydroxide, is precipitated in the cold when an 
alkali hydroxide is added to the solution of a zirconyl salt. It is gelatinous, 
resembling Al(OH) 3 both in appearance and behavior. It is insoluble in 
water, difficultly soluble in weak acids, readily soluble in strong mineral 
acids. When dried at ordinary temperatures it loses water continuously, 
but at 100° the definite compound ZrO(OH) 2 is produced, which is un- 
changed up to 200°. When heated to 300° the material begins to glow, 
and at higher temperatures there are small explosions as it crumbles to a 
fine powder, Zr0 2 . Zirconyl hydroxide, ZrO(OH) 2 , is also produced when 
an alkali is added to a zirconyl solution at a temperature of 85° or more. 
The hydroxide is almost insoluble in ammonia, but dissolves somewhat in 
KOH and better in NaOH. The compounds formed are zirconatcs, but 
these may be much more easily produced by fusion methods. Colloidal 
solutions are readily formed, in which the hydrosol is positively charged. 
The hydrogel has remarkable powers of absorption, as is shown by the fact 
that it drags down alkalies and retains them tenaciously, while it possesses 
the ability of removing the cuprammonium complex entirely from solution. 

With nitrogen zirconium unites directly, but less readily than does 
titanium. Several nitrides have been described, but the most definite, 
perhaps the only, compound formed is Zr 3 N 2 .> This results also when 
zirconium is heated in an atmosphere of ammonia, or the compounds are 
reduced in the presence of air. It does not burn in oxygen or chlorine, but 
evolves ammonia when fused with potash. 

The nitrate may be obtained by adding HNO s to the hydroxide and 
allowing the mixture to stand over phosphorus pentoxide and sodium 
hydroxide. If the solution is evaporated, nitric acid is given off and a basic 
salt is deposited. Stable crystals of the formula Zr0(N0 3 ) 2 • 2 H 2 0 are 
formed, but these cannot be dehydrated. 

With fluorine zirconium forms ZrF, when the oxide is heated with am- 
monium fluoride or when the chloride is treated with hydrogen fluoride. 
At 50° its solution begins to suffer hydrolysis, but on evaporating a solution 
containing free HF, a deposit is obtained to which the formula ZrF 4 • 3 H 2 0 
was formerly applied. It has some properties of a salt of this composition, 
but its behavior seems to indicate a composition ZrOF 2 • 2 HF • 2 HjO. 2 

Double fluorides are numerous and important. When a moderate 
amount of KF is added to a solution of ZrF 4 , the crystalline precipitate, 
potassium fluozirconate, K 2 ZrF e , is formed. It is also obtained by fusing 
zircon with KHF 2 ; it is used in the purification of zirconium, the prepara- 
tion of the element and its quantitative determination. Caesium, sodium, 
ammonium, lithium, thallium, magnesium, zinc, cadmium, manganese, 
nickel, and copper form similar fluozirconates. Double fluorides of the 
formula KF • ZrF 4 • H 2 0 and 3 KF • ZrF 4 are also formed. 

> Wedekind, Annalen, 395 149 (19X3). 

2 E. Chauvenet, Compt. rend. 164 630, 727, 816, 864, 946 (1917), 
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With chlorine the tetrachloride ZrCU is formed in many ways such as: 
(1) heating the carbide with chlorine at 300°; (2) heating Zr0 2 to 800° 
in a stream of chlorine and carbon tetrachloride; (3) heating the metal 
in the presence of chlorine or hydrogen chloride ; (4) passing a mixture of 
carbon monoxide and chlorine over Zr0 2 , at 400°. ZrCl 4 hydrolyzes easily, 
so it is known only in the anhydrous state. It fumes strongly in moist air 
and reacts vigorously with water, forming the soluble oxychloride, ZrOCl 2 . 
It is a white crystalline solid which sublimes readily. In formation and 
behavior it strongly resembles the chlorides of the non-metallic elements. 
Addition products are formed with ammonia, organic bases, and phosphorus 
pentachloride. It also forms condensation products with esters, organic 
acids, phenols, etc. 

With carbon zirconium unites directly at high temperatures, forming 
ZrC. This compound may accordingly be prepared by heating zircon 
with carbon in an electric arc. It is a gray colored crystalline mass, hard 
enough to scratch glass but not rubies, and it is not decomposed by water 
even at red heat. In the latter fact the relatively slight electro-positiveness 
of zirconium is shown, since the carbides of the more active metals are 
readily decomposed by water, yielding hydrocarbons. 

No anhydrous carbonate has been prepared, but basic carbonates like 
ZrCO, • Zr0 2 • 8 H 2 0 may be precipitated by adding Na 2 CC >3 to the solution 
of a zirconium salt. The precipitates are soluble in excess of reagent, with 
the possible formation of double carbonates. 

Zirconium forms normal and basic acetates, a basic formate, and several 
oxalates and tartrates. 

With silicon there are formed the silicide ZrSi 2 , the natural silicate 
ZrSiCb, and various complex silicates. Native zircon as well as certain 
other zirconium ores are quite strongly radioactive, and when heated they 
display luminescence and suffer a change in density and color.' Zircon 
also shows 2 the property of triboluminescence. 

With sulfur a compound of the formula ZrS 2 is produced by the action 
of CS 2 on zirconia at red heat. It forms steel-gray crystals which are not 
decomposed by water nor mast acids, but HN0 3 oxidizes the zirconium 
and precipitates the sulfur. The zirconyl sulfide ZrOS is obtained when the 
anhydrous sulfate is heated to red heat in a stream of H-S. It is a bright 
yellow powder which ignites readily in the air. 

Neutral zirconium sulfate, Zr(S0 4 ) 2 , is prepared by heating zirconia 
with an excess of concentrated sulfuric acid arid then expelling the excess 
acid. This salt dissolves slowly in water with the evolution of heat, 
presumably forming a tetrahydrate, which may be obtained in crystalline 
form. The normal sulfate is easily hydrolyzed, yielding a solution with a 
strong acid reaction. Such a solution yields no precipitate or one that 
forms slowly when oxalic acid or ammonium oxalate is added, while both 
these reagents produce an immediate precipitate when added to most 
zirconium salts. On electrolysis of a sulfate solution zirconium concent 

1 See Venable, Zirconium, Am. Chem. Soc. Monograph, p. 99 et seq. and also, 
Jour. Elisha Mitchell Sci. Soc. 34 73 (1918). 

2 Karl, Compt. rend. 146 1104 (1908). 



M>4 


OIUM.'J* IV - ZIHi'ciNll'M 


triites iilsml the anode. while in :i solution »<f ZrOt in 1!<’! tie- metal K>e-- 
t.n tin* cathode. These jMH'iilianli*-?! mav be exttionied 1 l*v tic f u*-f ih.it at 
n Tin in dibit inns then* in jirexeat in solution ire! siilfei*' vailed id’O mr- 
cnu-wilfuric nriil I nf t In- f)iriniil:i Xr<iS< *»- H«S<t| which *• •*#> itcvina 
2 11 1 55rO(S<l«V '*• Thin explanation i* not. Ijnwi-vi-r, >n ;*rrur»l ! with all 
kiKiwu fuels. 

A basic sulfate, 1 Zr< ).• • •'! SC >i - in 1 l/>, •.i-pantf'i from a dibit" solution 
uf the sulfide. This mill litis been used foi atomic wrinhf >l* f> ri(iiu:ittims, 
Other husic iukI romplrx sulfates lire known. 

Zirconium nlsn form* u siillile, Zri* 0 ,>. 711,**. n m-lenule, 
ZrfHH )«)j • 1 lljO, mu! n selenite. Zr SeC ), , !l,u. in w>-ll te. various 
simple mill double jilms|ilintes. It also fitrtin sail * Willi *iv;>ie\ tnrlirie, 
citric, siilicylie, mu I other iiru-wiv arid*. 

Detection and Eatlmationd Z.ireiiiiuuo is diduinmded fr»m «hi* 
niitiium mid IxTvllium In the furl that the livdroxide >« precipitated hy 
NnOlI, KOI!, Nil *<111, nr fNTIiSS, but t !>»• precipitate is iiieihiblr in 
excess nf the reuKClit. <N'M ,.•}< 't t. precipitate* the floceuletil basic rnr- 
luillllte, whieli insoluble ill excess nf renuctif lull repmbpil uteri oil IhiiIiIik. 
An exeess of nlkuh toihtfe lidded In it zirconium solution roiiluuiiiiK IINOj 
precipitates the zirconium <|ini»til:itivelv, leaving the nhmiiuiutti in sulu- 
ticui, 1'hiiriluii nnil titnnimn mctst lie nlewtil. 

Zirconium is distinguished fruto thorium : < I ) liv the ft wt that the ml. hi ion 
of oxnlic ncid |tfi<vl|*iti*ti«*« flic while zirconium oxnhte, soluble m exceini 
of tin*, rciiitcnt ; <2i hv the failure of zirconium to form n pm-ijutut*! 
with UK; (If) hy (!*• funwriiow of basic zirconium sulfate. insoluble in 
< lilut o hydrochloric uciil, when K-.SO, is lidded in a billing zirconium 
sulutinn. 

The sctjmrntiim of iron nntl zirenniutu is of pnrtteiihir importance, c*. 
pee i ally on the large scale f See Separation, |> 151 1 i*or the ileleriiiintt- 
tlnn tllft two oxides mice Is* weighed together mid then the iroCi reduce*! 
and cmtimuteil hv titration If i itnniutn end zireotiiiitu occur together, 
both nmy 1«' Jireripiluft-d hy hvdrugen jieroxide mid the titanium deter- 
triimri eohiniietricidlv 1 Ihdli tiluniuin und cuhutihiuui inttv lr separated 
hy fractumid precipitation of the baling solntiun with minimum, 

Zimmia und silica may b> separated hv heating thuroughly with UK 
and mi excess of lf,XO«, 

Tumeric [mj«*r is colored jiink or reddish brown hy xirronitun salts in 
IIC-1 solution. Ferric sail* and lilamniii shoultf Is 1 recfinas! hv zine, 
When Najllhli is added jo n hvdrocldorie arid solution of zirconium a 
voluminous prreipimut forms. Thi* test may l* used in the presence of 

'See liner, Z-it. an'rtti. ('Arm, 48 s7 11004 1 : Hauser, ihut. M 1(H) UIHI7) ; 
Hosenheiiu und Krunk, Hrr. 18 M2 (ItHi.'o met 40 HU;» UIHI7), 

* Set* Venaiile, Zirconium, Am. f.'lirtn Maientraph, Hi. 7H-KI), 112, 

* Kor it siiieudid discussion of the analysis nf aimiiiinm minerals nod alloys 
see Chxmu- rt induntric, 8 3HS (Ifllfl); nl»* Zrit, anfle w, Chrm 84 UUtl) •, grit, 
anal, Chum. $0 7311 (Kill) ; Thm it of Heinrich K«i>e, Krrdrirb- Wilhelm Uni- 
versity (1017), and Them'* nf Maadalenc H0ni«vr. thul, ( 10 Ut) ; VmsUc, Zir- 
conium, Am, Cheat. Sne, Monngra/ih, p. t3»t, 

1 Dittrich and nt Jeers, Z, <mor U . Chtm, 48 X«i tl«M) ; M 387. 314. 343 (1W7), 
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iron, idoruiniuiii, tilsiniuio, thorium, inul the rare earths, mu! will detect 
().(MK).'i per rent of zircon in. 

I'vruirrillfduldehvde |ir«dti*-es u yellow color or |in*ci|tit!itc with thuriuiii 
salts mul tin' smnc results with zirconium compounds ni ter ! roiling or lidding 

ll/h.' 

Citlifcrnm is used for Isitli ipiiilitst iye ilclcctinti mu! ijuiiutitiitivr* 
estimation of zirconium. 3 * * 

Zirconium tuny l«' precipitated from its solutions ns the hydroxide or 
oxidate, then ignited nud weighed as ZrOj. 

Addition of secondary iniiinotiiiiiti |dmsplmtc (o u zirconiuut solution in 
20 (ter cent lljStli mid in the presence of 11 f I- precipitates zirconiiltu 
ipumtitatively ‘even in the presence of iron, uhiininiuio. '•hrmoiiin, eeriinn, 
mul thorinm. On ignition /CrlStt? is formed. 

Zirconium limy lie determined 1 * ns the Imsic sulfide even in the |ire*e!iet! 
of iron mid nluininiiun. 

Sc lciiioitN ncid prccipitutcs 6 u IiiihiV zirconium selenite which on ignition 
yields tlm uxide. This lout hod is satisfactory olid limy ho applied to zir- 
eoniii ores. 

1 II. Knseri'r, ('A* in. Shit. 44 17<) flOlni. 

* See Jnitr. Am. f'hm I. .Sir. 39 StlnH (t!l|7) J Uml. 43 ll.'ttl ( I tllillj ; mul Jtutf, 
hut, •)<«/ Kui/. I 'hi m. 13 .11 H, el i'J ( lUtSO. 

3 Ho. Juur. dm, t 'hurl. .Sir. 41 I HOI iltipi) ; Hiirt. 43 .'Ml ( IU20| ; Cmil/it. rein/. 

168 3-1 H (PUP). 

• Itossiter noil Madders, ,/iotr. ,Swr. ('An/i. tmt. 40 "II T ( tPiJI), 

» Smith and .lames, ,/.)>ir. Am. (‘Aim, .Sir, 43 1701 (Hl'Jlti. 
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GROUP IV — CERIUM AND THORIUM 

Cerium 

The element cerium is inseparably connected with the rare 
earth group, and it is generally customary to discuss it with 
the members of Group III. But it differs from the other rare 
earth elements in forming a well defined series of quadrivalent 
compounds, resembling thorium quite closely. Because of 
this relationship, as well as its greater abundance and commer- 
cial importance, it seems best to discuss certain phases of the 
chemistry of cerium with Group IV. The history, occurrence, 
extraction, and separations are discussed in Chapter VI. 

Purification. — Both cerium and thorium usually accompany 
the rare earths when these elements are extracted from their 
minerals. The separation of cerium from the other members 
of the rare earth group usually depends upon the fact that 
under the influence of oxidizing agents cerium forms quadriva- 
lent compounds in which it is much more feebly basic than 
in its trivalent state. Since thorium resembles the ceric com- 
pounds, it is concentrated along with the cerium, Several 
methods are used: (1) The solution of the mixed nitrates is 
poured into very dilute nitric acid when basic ceric nitrate precip- 
itates. (2) Addition of the required amount of potassium per- 
manganate to a nearly neutral solution causes the precipitation of 
the cerium, (3) Boiling a dilute solution of the nitrates precipi- 
tates the basic ceric nitrate ; this method is especially effective 
in the presence of ammonium sulfate or magnesium acetate. 
(4) Boiling the nitrate solution, which is kept neutral by the pres- 
ence of marble, with KBrO s precipitates the basic nitrate very 
satisfactorily. (5) Separation may also be accomplished by 
passing a stream of chlorine into a suspension of the hydroxides 
in sodium hydroxide. The basic ceric hydroxide remains un- 
dissolved, while the other rare earths dissolve as chlorides. 
(6) The double ammonium ceric nitrate is sparingly soluble 
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in nitric acid and nmv In* precipitated hy adding NI^NO, to 
si solution of nit ndes ciintuiiiiHg much free nitric acid. 

Thorium may hr removed front cerium materia! hy precipi- 
tation: (1) with NuyS./ and boiling; (2) with copper uml ett- 
prniis oxide when added to a nearly neutral nidation of the boil- 
iitu chlorides ; and Hi) with aninmniniii oxalate, after oxidbwilg 
the cert iuh salts to eerie. 

Zirconium may !«• removed hy fusing the oxides with KIIF* 
and extracting with water acidified with UK. The zirconium 
dissolves, forming K-Zrl**, lad both cerium and thorium fluo- 
rides are insoluble. 

Metallurgy. Metallic cerium was first prepared in powder 
form by Mosandcr, who heated the chloride with sodium, The 
yield »s [Mior, and the product contaminated with sodium ami 
sodium chloride. Reduction of the fluoride with calcium or 
aluminium or of fhe oxide with magnesium, aluminium, calcium, 
carhon, or silicon yields either an alloy or a compound of cerium. 
The most successful methods of reduction are hy electrolysis. 
Ilillehrand and Norton 1 prepared considerable quantities of 
the iucImI hy electrolysis of the chloride. This method has 
lieon elaborated by a number of workers,’- and much cerium pro- 
duced in this way. Klcet rolysis of the fused fluoride or of the 
oxide dissolved in the fused fluoride has lieon successfully tiled * 
in Kumpe. 

The purification nf cerium is l«*st accomplished according to 
Ilirsch by forming the amalgam and skimming the impurities 
off from the surface of the molten mass. The mercury may 
then lie distilled away hy healing to a higher tomimmturo in a 
vacuum . 

Properties. — Pure cerium is a metal which is malleable, 
ductile, and soft enough to he cut. with a knife. It machines 
fairly well, hut requires cure tn prevent buckling. It resembles 
steel in ap|S‘aranee, takes a polish well, and has a density of 
6,02. It is a fair conductor of heat, hut does not. conduct tlic 
electric current well, its resistance being 71.0 micro-ohms |s*r 
centimeter cube at ordinary teni|STut.ures. It is paramagnetic, 

» Pom, Amuitru, IBS <Klt f |H7."() : 1S« WO 11*75), 

•See i^|HTinlly MiiIIkikihii, ut«l Wi-im. ,Ii, 330 H.'ll (1007) ; 

Milllfirmon sail VV’t-j--, Shut. 381 I ' fdil ’ . Ilir-'li, J»»t tad, unit Kny. (‘hem, 
3 KHII null): 4 155 C I Ml 3) , Triton. Am. Sue. *0 57 IIUIli. 

* Mutliuiaun am] BcheidmiimUl, Aoruiltn, 385 110 (HMI7), 
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its magnetic susceptibility at 18° being 15 X 10 -6 C- G, S. 
units per gram, According to Hirsch the specific heat over the 
interval 20°-100° is 0.05112, which corresponds to the unusually 
high value 7.17 for its atomic heat. Cerium is the only metal 
which has a greater molecular heat than aluminium, conse- 
quently it may be used to dissolve the skin of A1 2 0 3 which forms 
on the surface of molten aluminium, The melting point is 
635° (Hirsch) . In dry air cerium is fairly stable, but it tarnishes 
quite rapidly in moist air. Its surface may be protected by a 
coating of hard paraffin or wax. At 160° it takes fire and burns 
with greater brilliancy than magnesium, involving a large 
amount of heat. When scraped with a file or knife it emits 
sparks, It reacts only very slightly with cold water, but at 
the boiling temperature there is a slow evolution of hydrogen. 
Cerium burns vigorously in chlorine at 210°-215° and in bro- 
mine at 215°-220°. It combines directly with iodine, sulfur, 
selenium, tellurium, arsenic, antimony, nitrogen, and hydro- 
gen. Its affinity for oxygen is strong enough to permit it to 
reduce both carbon monoxide and carbon dioxide. It decom- 
poses carbon tetrachloride, so pyrene is useless for extinguish- 
ing the burning metal, It is not attacked by concentrated 
sulfuric acid or sodium hydroxide; it is slowly dissolved by 
dilute solutions of hydrogen peroxide, ammonium chloride, or 
potassium chloride ; it dissolves readily in both dilute and con- 
centrated nitric or hydrochloric acids and in dilute sulfuric acid, 
Uses. — Pure metallic cerium has no commercial uses, but 
its alloys are both interesting and capable of wide application, 
The most important of these is the alloy called misch metal, 
mixed metal, commercial cerium, or simply “ cerium/' It is 
essentially a mixture of cerium, lanthanum, neodymium, and 
praseodymium, but as usually prepared it contains from 1-5 
per cent iron and very small amounts of other elements. The 
most abundant constituent is cerium, which sometimes runs as 
high as 70 per cent'or more, though generally it is about half of 
the mixture, The alloy is produced from the rare earth resi- 
dues of monazite sand. This mineral is used in large quanti- 
ties for the manufacture of incandescent gas mantles (see 
Thorium : Uses), which usually contain 99 per cent thoria and 
1 per cent ceria. The composition of various monazites is 
shown in Table XXVI, 
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Table XXVI 


Composition 1 of Some Monazite Sands showing Typical Analyses of 
Material from Different Sources 



Ceylon" 

Nigeria 

India 

Brazil 

Caro» 

LINA * 

General 
Average 
by H. S. 
Miner 

Th0 2 

9.45-28.20 

3.20- 8.00 

10.22- 8.65 

6.06 

4.32 

5 

Ce0 2 

27.15-20.65 

36.53-30.50 

31.90] 




La 2 03, 1 

I 



61.11 

,62.12 

34.32 

30 

Di 2 0 3 , 

> 

29.59-21.63, 

30.00-28.80 

28.00 J 


31.24 

30 

etc. J 








Yttrium 1 








Group 


3.93- 0.94 

0.39- 1.43 

0.46- 0.62 

0.80 

1.10 

2 

Oxides J 








Fe 2 C>3 

0.87- 1.13 

1.20- 0.81 

1.50- 1.09 

0.97 



ai 2 o 3 

0.17- 0.29 

0.10- 0.20 

0.17- 0.12 

0.10 


1 5 

CaO 

0.45- 0.10 

0.21- 0.17 

0.20- 0.13 

0.21 



Si0 2 

1.67- 6.09 

0.63- 1.79 

0.90- 1.00 

0.75 

0.86 

J 

p 2 o 6 


26.12-20.20 

28.29-28.16 

26.82- 50.26 

28.50 

29.30 

28 

Loss on 1 
Ignition J 


0.48-none 

0.20- 0.21 

0.46- 0.45 

0.38 




From this table it is evident that all monazite contains much 
more ceria than thoria and since the mantle is mainly thoria a 
very large part of the ceria is not needed for mantle manu- 
facture. The residue which remains after removal of the thoria 
contains about 45 per cent Ce0 2 , 25 per cent La 2 0 3 , and 15 per 
cent didymia, the remainder being yttrium earths, samaria, 
etc. The residue represents 60-65 per cent of the original 
monazite. Since the total world’s consumption of monazite 
has been estimated as being about 88,000 tons up to 1918, it 
is evident that the supply of cerium material has been very 
large. Some firms have stored enormous quantities of these 
rare earth salts, and others have thrown them away. The 
residues are transformed to the chlorides, which are carefully 
dehydrated to prevent the formation of basic salts. The 
purity of the chlorides is not important, but the phosphorus 
and sulfur content must be low, and iron and aluminium should 
not be present in more than small amounts. A mixture of the 

* Analyses by S. J. Johnstone, Jour. Soc. Chem. Ind. 33 56 (19X4). 

’ J. H. Pratt. N. Car. Geol. Surv. Bull. 25, p. 27 (1916). 
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anhydrous chlorides with calcium, Iciriuin, sodium, |Ktl nssium, 
or ammonium halides is fused in an iron pot and subjected to 
electrolysis. If too much basic chloride is present, the metal 
and chloride emulsify and prevent the agglomerat inn of the 
metal. The misch metal collects in the bottom of (he pot and 
is drawn off at intervals into molds. Prepared in this manner, 
the metal resembles iron in jtp|x*ii ranee and contains from 1 to 
5 per cent iron, with small amounts uf oxides and carbides. Its 
properties resemble those of cerium very closely. Its must 
interesting property is its pyrophoric nature if scratched 
with a file bright sparks are given off. These may be due either 
to the formation of a superficial layer of n sub-oxide 1 or to 
the breaking off of small particles which are ignited by the 
heat of friction, The pyrophoric, property is much increased 
by alloying with a hardening metal, such as iron, nickel, man- 
ganese, tin, zinc, cobalt,, and other metals. 

The most widely used pyrophoric alloys contain inm, s which 
produces the spark-giving property when present in quantities 
varying from 10 to 6. r > per cent. Auer metal, which enntnins 
35 per cent iron and 65 per cent- misch metal, gives esjieeially 
brilliant sparks and is widely list'd for cigar lighters, gas lighters, 
etc, During the war much use was made of pyrophoric 
alloys for firing mines, signaling, making tracer bullets, and 
shells for night firing, etc. The friction of tin* air causes the 
alloy to ignite and the path of the project ik* is easily observed. 
Very little misch metal is needed for gas lighters since it is esti- 
mated that 1 pound of Auer metal will make KtOtt IWH) 11 fire 
stones,” each of which will give 2(KH) fi<XH) ignitions, The war- 
time demand was very considerable, and after flu* seizure of 
the patents by the Alien Pro|x*rty < 'iiHtodiim and the issuing 
of permits to several firms production was considerable. No 
definite figures of production are available, but it is estimated 
that in 1919 between 2000 and 3000 pounds per month were 
made in the United States,* This estimate is doubtless conserva- 
tive, because a single plant in I)oeeml>er, I01K, was pnslucing 100 
pounds of misch metal daily and was installing additional eqnip- 
ment which would nearly double its capacity. The price of 

1 Hirsch. Chem, and Mat, 9 1543 (1011), 

5 Hirach. Tran*. Am. Eltrlrtxkirm, fine. SI 359 (1930). 

* H. G Meyer, Eng. and Min , Jour, IDS 333 (1930), 
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tlw fermcerimu is *h« highest of all ferro-alloys. Under 
Austrian patents in 1917 Hu* price was $25 per pound, but 
during the first half of 1919 it wuh from $15-$18 per pound, 
and later in the year it dropped t.o $14 per pound. Misch 
melal sold for from 87 $9 per pound. 

The sudden elimination of the demand for military purposes 
stimulated the efforts to find other uses for misch me tal . On ac- 
count of its extreme activity, especially t oward oxygen, it is found 
to I to a powerful reducing agent, and as such it is used for the re- 
duction of some of the mure refractory oxides, such as those of 
zirconium, tantalum, and eoliimhium, Its extensive use for 
this purpose would lie largely controlled by cost, A small 
amount of the metal in powder form finds use as a component 
of flashlight powders, where it produces more intense action. 
Recently it has been applied asa scavenger for cast iron with ex- 
ceedingly interesting results, Us usefulness for this purpose 
depends on the facts that its melting jioint is below that of iron 
and that its affinity for oxygen is great, enough to remove oxi- 
dized particles, hut its action is not so intense as t.o he difficult 
of control. Kxperiiuents have shown t hat the addition of small 
amounts of cerium remove oxygen thoroughly and increase 
the fluidity by keeping the metal hot for a longer period. As a 
result, tin' casting has a finer structure with more uniform dis- 
tribution of graphite, greater soundness, and it machines much 
hotter. Misch metal melts at about. 750° (1. and is so active 
that much of it is lost in adding it to the molten iron. If the 
ferroceriilm is used, its melting point, is still below that of iron 
and its chemical activity is decreased so the loss is less, Tho 
alloy is Ix-st added in granular form by sprinkling it into the 
stream of metal as it flows into the ladle. The granulation of 
misch metal must lie accomplished under a hydraulic press, as 
attempts to pulverize it with a hammer will probably ignite it. 
The amount needed to purify cast iron is small, As little as 
0.05 0.10 jK'r rout is sufficient, if care and skill have been used 
in the preparation of the charge. If as much as 0.50 per cent 
is added, none of the cerium seems to remain in the casting. If 
larger amounts are used, some of the cerium remains in the iron 
as an alloy, hut so fur as is known if, produces no beneficial re- 
sults. ( 'onsecpiently, the cerium is added in very small amounts, 
causing only slight increase in cost. 
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The addition of 0.2 per cent misch metal to aluminium has a 
very beneficial effect as a purifying agent, greatly increasing 
the ductility of the metal. 1 The cerium is added by mixing 
its fluoride in the electrolytic bath while the aluminium is being 
prepared, or, better, misch metal is thoroughly incorporated 
with the molten aluminium. The alloys of aluminium with 
copper and magnesium also have increased ductility when 
cerium is added, but those with zinc do not appear to be in- 
fluenced. This is an important consideration since these alloys 
normally possess low ductility. 

The addition of cerium to brass is harmful, since it increases 
the number of leaky castings and lowers both tensile strength 
and ductility. Cerium forms many other alloys. Tin mixes with 
it in all proportions, 2 forming pyrophoric alloys up to 80 per cent 
tin. The hardest and most pyrophoric alloy contains 30 per cent 
tin, and those with low tin content are not very stable in the air, 

Cerium and aluminium may be alloyed by heating the two 
metals together rapidly, 3 though there is some difficulty in 
obtaining a uniform product. The alloys richest in cerium are 
pyrophoric, the others are not; those containing not more 
than 25 per cent aluminium are slowly attacked by water and 
the atmosphere, but the ones containing more than 25 per cent 
aluminium are remarkably stable. 

Magnesium alloys 4 readily with cerium, but uniformity is 
possible only by stirring or by repeating the fusion. The alloy 
containing equal molecular quantities of the metals has a hard- 
ness of 5, is strongly pyrophoric, burns violently on heating 
but is stable in the air at ordinary temperatures and is more 
resistant to acids than pure cerium. The alloys with magne- 
sium are extremely brittle; those containing 60-75 per cent 
cerium are easily powdered and make excellent flashlight pow- 
ders or reducing agents, Cerium alloys with both silicon and 
bismuth, 5 the union taking place at elevated temperatures 
with considerable vigor, 

Sodium and cerium unite quietly and form a hard alloy which 
is somewhat pyrophoric. It oxidizes in the air. 

1 Metal. Ind. 30 142 (1922), translation from Metall und Ere, May 22 (1921). 

2 Vogel, Zeit. anorg. Chem. 73 319(1912). 

8 Vogel, ibid, 79 41 (1912-13). 

* Vogel, ibid. 91 277 (1915). 

6 Vogel, ibid. 84 323 (1913-14). 
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Silver forms a hard, brittle ' alloy with cerium, but the gold 
alloy is fairly soft. 

Copper alloys are unstable if they contain more than 30 per 
cent cerium. The alloys containing 55 per cent cerium or more 
are pyrophoric. 

Calcium forms very hard white alloys with cerium. They 
are stable in the air and strongly pyrophoric. 

Other pyrophoric alloys are prepared by mixing the misch 
metal with titanium, boron, cadmium, lead, manganese, anti- 
mony, mercury, etc. Steam states that 200 tons of ceria are 
used annually in the manufacture of pyrophoric alloys. 

Compounds of cerium and its relatives find numerous sug- 
gested uses. The pyrophoric metal known as " kunheim ” 
is a mixture of the hydrides of the cerium earth metals with 
magnesium and aluminium. Cerium fluoride and titanofluoride 
have been used in the preparation of electrodes for the flaming 
arc light. By impregnating the carbon electrodes with the 
cerium salts a more intense light is obtained and the arc bums 
evenly and quietly. Stearn declares 1 that 300 tons of ceria 
are used annually for this purpose. 

Cerium carbide and nitride have been tried as filaments for 
incandescent lamps. 2 Pure cerium nitrate is used in the manu- 
facture of gas mantles. The reducing action of cerous com- 
pounds is used for producing a variegated effect in dyeing 
fabrics. The salts of cerium are used for making aniline black 
and as a base for the alizarin group of dyestuffs. 

The oxides have been suggested for use with tin compounds 
for weighting silk. In dyeing leather cerium compounds are 
good mordants. In the manufacture of glass the cerium earths 
are used as coloring agents, one per cent producing a clear 
yellow and larger amounts producing brown, The fluoride, 
dioxide, and silicofluoride have been used in the preparation of 
enamels. Ceric titanate produces a shining yellow color in 
porcelain, while the molybdate produces a bright blue, the 
tungstate a bluish green, and manganese ceric titanate an 
orange yellow. In photography the sulfate is sometimes used 
for removing silver from an overdeveloped negative and in 
the preparation of color photographs. In medicine the mixed 

i Johnstone, Jour. Soc. Chem. Ind. 37 373 (1918). 

1 Elect. Eng. 48 416 (1908). 
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oxalates have been suggested as a remedy for seasickness, 
epilepsy, and hysteria. Cerium phcnolale is a diMinfeetant. 
which is as efficient as phenol and milch less toxic. 1 *' ( *i ri- 
foi-m ” is an antiseptic which is composed of certain eerie double 
sulfates. The sulfates may be used as catalysts in the contact 
process for sulfuric acid, and the chlorides when heated to .'i.iO'’-. 
480° C. arc efficient catalysts in the Deacon process for manu- 
facturing chlorine. Cerium hydride and nil ride catalyze the 
union of hydrogen and nitrogen in the direct manufacture of 
ammonia, but no method him yet Ix-cn discovered for prevent- 
ing the mass from losing its activity. Cerium sulfate is found 
to have certain advantages over lead ns an uceumnlafor in stor- 
age batteries. Ceric oxide is an active oxidizing agent Useful 
in the manufacture of aldehydes, qtiinones, etc., from aromatic 
hydrocarbons. If these reactions are carried out in tin elec- 
trolytic cell, the. ccrous sulfate formed by the reaction is im- 
mediately reoxidizetl, and the process liceomes continuous. 
The oxidizing power of eerie oxide is also used in the combus- 
tion tube for ultimate organic analysis. 11 

None of these uses, however, seems destined to create any con- 
siderable demand for the cerium group coiuikmuuIh. There is 
no concern about the supply of cerium since all that is used »t 
the present time may be considered as a by-product. If the 
demand should exceed this supply, much cerium could l>c ex- 
tracted from minerals like allanitc which are now not used. 

Compounds. — Cerium forms two well defined series of salts 
in which it is trivalent and cpindri valent resjKrtrvely. In its 
tri valent condition cerium is more basic than in its quadrivalent 
state, henco, the ccrous mils arc more stable, and more numer- 
ous. The cerous salts of colorless acids urn while, while the 
ceric salts are yellow, orange, or real in color. Cerous salts are 
oxidized to ceric by lead [xtroxide or bismuth tetroxide in ni- 
tric acid solution; by ammonium is rsulfate or sodium bismtt- 
thate in sulfuric acid solution ; by electrolysis of the nitrate or 
sulfate in a strongly acid solution ; by sodium hyjx«*hlorite or 
by potassium permanganate in alkaline solution. Hydrogen 
peroxide in alkaline solution oxidizes cerous to ceric or perceric 
compounds. Because ceric chloride, is so very unstable oxida- 

1 Ger. Pal, 2X4, 782 0809), 

» Dennstodt method, Bekk, Bcr, 46 2574 (1913). 
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tion to the ceric condition cannot be carried out in hydrochloric 
acid solution, 

Ceric compounds are reduced to cerous very easily by such 
feagents as hydrogen peroxide in acid solution, sulfur dioxide, 
hydrochloric acid, oxalic acid, stannous chloride, ferrous sul- 
fate, etc, The transformation of ceric oxide to a cerous salt 
requires the presence of the desired acid and a reducing agent, 
since CeC >2 is difficultly soluble in mineral acids. It may be 
accomplished by: (1) nitric acid and hydrogen peroxide; 
(2) hydroquinone and hydrochloric or sulfuric acids; (3) hy- 
drochloric acid and an alkali iodide. 

The cerous salts are derivatives of Ce20 3 , which may be pre- 
pared by reducing CeC >2 with hydrogen at 2000° C. and 150 
atmospheres pressure. Ignition of a cerous salt produces Ce0 2 , 
completely in the air and partially in hydrogen or in a vacuum. 
The cerous salts resemble those of lanthanum and yttrium very 
closely. For the characteristics of the individual compounds 
see pages 111-113. 

The ceric salts are derivatives of Ce02> which is feebly basic. 
As a consequence they are considerably hydrolyzed in solution 
and give an acid reaction. Normal ceric salts of weak acids 
are unknown, and even the chloride and nitrate are known only 
as double or complex salts, Reduction to cerous compounds 
is easily done in acid solution, but much more difficult to accom- 
plish in alkaline media. Ceric compounds easily form colloi- 
dal solutions which do not appear to be basic salts of the 
ordinary type. 

A few of the more important ceric compounds are included 
in the following summary. 

Ceric oxide, Ce0 2 , is prepared by igniting cerium or any cerous or ceric 
salt of an oxy-acid. Its density depends upon the method of preparation. 
The color is the subject of much discussion.' We would expect a white 
oxide like zirconia and thoria. White oxides have been prepared, but 
Brauner has shown that such ceria contains impurities. As usually ob- 
tained ceria has a pale yellow color. It volatilizes without melting or de- 
composition at about 1900°. Besides being a weak base it shows slight 
evidence of faintly acidic properties. While pure ceria is insoluble in 
nitric or hydrochloric acids, a mixture of rare earth oxides dissolves readily 

1 See Sterba, Compt. rend. 133 221 (1901) and Ann. Chim. Phys. 2 (viii) 193 
(1904) •, Wyrouboff and Verneuil, ibid. 9 356 (viii) (1906) ; Meyer, Zeit. anorg. 
Chem. 37 378 (1903) ; Brauner, ibid. 34 207 (1903) ; N eish. Jour. Am. Chern, 
iSoc. 31 517 (1909) ; Spencer, Trans. Chem. Soc. 107 1266 (1915). 
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provided the ceria does not exceed 45-50 per cent. The usual explanation 
of this peculiarity is that the ceric oxide is acidic to the more basic rare 
earth oxides and forms salts of the type M 3 0 3 - 2 Ce0 2 or 2 M2O3 - 3 Ce0 2 - 
Deep blue crystals of the composition UO2 • 2 Ce0 2 are obtained by ignit- 
ing a mixture of cerous and uranyl sulfates or by precipitating an aqueous 
solution of uranyl and cerous nitrates with ammonia or dilute potassium 
hydroxide. The so-called cero-ceric oxide, formed by reducing Ce0 2 with 
hydrogen at red heat, to which the formula Ce,0 7 is usually given, may 
be a cerous cerate of the formula Ce 3 0 3 • 2 CeC>2. 

Ceric hydroxide, Ce(OH)<, is not known. A hydrated oxide, probably 
Ce 2 0(0H)e, forms as a yellow gelatinous precipitate when ammonia or an 
alkali hydroxide is added to a ceric salt. It may also be prepared by the 
oxidation of cerous hydroxide. It dissolves in nitric acid, forming a ceric 
salt, in sulfuric acid yielding a partially reduced product, and in hydro- 
chloric acid giving cerous chloride and chlorine. 

Ceric nitrate, Ce(NOj) «, is not known as a simple salt, but double nitrates 
of the type Ce(N0 3 )< • 2 M'NOs are formed with the alkali metals and 
ammonium. In aqueous solutions these salts are readily hydrolyzed, 
but they are the most stable ceric salts. The ammonium ceric nitrate 
is important in the purification of cerium. A series of double nitrates, 
M'(N0 3 )2 • Ce(N0 3 )4 ■ 8 H2O, is also formed, but they are less stable than 
the alkali double salts. When ceric hydroxide is evaporated with nitric 
acid, crystals of the basic salt 2 CeOH(NO s ) 2 • 9 H 2 0 are obtained. 

Ceric fluoride, CeF< • H 2 0, is probably the only ceric halogen compound 
known in the solid form. It is a brown powder insoluble in water, prepared 
by adding hydrogen fluoride to ceric hydroxide. It readily forms double 
fluorides with the alkali metals and copper, cadmium, cobalt, nickel, and 
manganese. 

Ceric chloride, CeCb, is known only in solution. It is prepared by dis- 
solving ceric hydroxide in concentrated HC1, but the evolution of chlorine 
begins at once and proceeds rapidly if the solution is hot. It forms double 
chlorides with organic bases, such as pyridine, quinoline, and triethylamine. 

Basic ceric carbonates of varying composition are formed as a yellow 
gelatinous precipitate when an alkali carbonate is added to the solution of 
a ceric salt. Perceric potassium carbonate, 4 K s C0 3 • Ce2(C0 3 )>0 3 • 12 H 2 0, 
is prepared by adding hydrogen peroxide to a mixture of ceric and potas- 
sium carbonates. If more H 2 0 2 is added, all the cerium is precipitated as 
an orange yellow precipitate. 

Ceric sulfate, Ce 2 (SO ( ) 3 , is prepared in the anhydrous condition when 
Ce0 2 is heated on a Band bath with H 2 S0 4 . It is a deep yellow crystah 
line powder, soluble in water, somewhat hydrolyzed and on dilution or 
boiling a basic sulfate is formed. When heated in the air the normal 
sulfate begins to lose weight at 155°, and at 300° it loses all its sulfur 
trioxide. 

Detection. — Very small quantities of cerium may be detected by adding 
the neutral solution to warm concentrated potassium carbonate solution 
and then adding a few drops of dilute hydrogen peroxide. A yellow color 
indicates cerium. 
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If fi neutral .-.nlutem tif n eerom sail is mlded to nri imminuiiii'ul eilver 
,iirate .Httluliois, the /•»>!* irnt if «/ varies from brown to lijnek. dejiettch’ng »u 
|(i' iiiuount iif rt-rmni jiri'Ni'tit. 

Aii awiic>nni:n:il solution of nTonn tartrate in oxidized by air or I [„(),, 
(•riifiiiK a yellowish brown ndtir. 

W bt'ii Nat’ln added i»»;i i-uIorloH-t eerom anhitum roil eerie hydroxide 
j, laveijiitate.! ; lici t dr’oh'et in warm IK*!, with the evolution of elilorine. 

(Vrinm may lie <Iele»-totl if jireaenl tolhe extent of <1.112 nig |«T liter 1 
(V tin- following ted ; make the eohilion to bo tested alightlv ulknlitie, 
mil, mid lilter a portion of flu- jireeijiilale ; sjirml.Ie on the tiller nn ueetie, 
,ei*I M*bit ton »*f lien zidi in*. A bright blue eolor.'itiori iinlientex eeritun, if 
ixiditsing agents, e-]>*ri;illv fhu.n* of uiiing.'ilie.f, entiall, thallium, mid 
•hrnriiiniri, are uleent. Cerium tlnnride, earl « male, nnd hi.aulfntr* do not, 
'< It' I lit* If*! , 

1 ‘erniw wili.it show* m< iili*air|il it'll hues, but eerie stilts ahnw n geiie- 
•lll nltKirjilioil towaril the violet end of llie ajieetriuii. The ajnirk .a|iei<- 
rniii I'olitam.H a iimnber of bright lilies, e.sjieeisdlv in tin* green mill liliKt. 

Estimation. In tl>»* nbsenre t*f rare eiirih metals eeriittn limy Iih 
» ri*eijtiliite»I a • llie hv droxirle or oxidate and ignited nnd weighed iih 1 V< )>. 

Several vohmielrie methods lire iivaihiltle: 1 1 I ill lhllisenV method the 
<xidf in dixiuilved in 111 'I in the )ireaeifee of Kl. nnd the liberated iodine 
e-iiitt I'Hliiinittil with N'ti SX 1 , or IJ.Aslt,, This method does not give 
very wilisfneturv results aiiiee the oilier rare earth oxides in the )irt'aenee 
if C,.<|, will alto lihi 'rate iodine I'Ji 1 '••rie .idfote is rt'diieed liv 11,0, 
md lie* )'%*■'•*•' peroxide th 'term ini'* I hv | o Tti w* * j ucunrit *•. The reriutM unit 

•ed'iee. lie- iierinmiganate slowly so the titriilion i t tiniaheil without, delay 
*rid the lift >'»*l point laln'ti, (Hi Cerie salt a louv he redneed hy ferritin 
• iilfiift* and tie ever i- I in in ted by jierm.'tnganat e. <!i < Vnnts null* umy 
he oxidized hv |«itm*»iii<o ferrieyanide in nlknlin** solution, the |iri'ei|iitnt.ii 
filtered olT fuel llie hrr'W'vaiiitle formed titrated with |ii*rutiiti|{iimito in 
m ill solution Cerium oxalate inav In* dissolved in eidfnrie ncid nnd 

the hlierated <i\ tie- :i*e! titrated with iiermniigaiKiti*, 

Atir niei lest I depending on the oxidation of reruns >nilts to eerie in alktt- 
I i le* Wtlnl ioli hv je-rlo iog male retjoirea sprrud earn Jiwailtr of tint oxidation 
uf reruns hydroxide hy llie air. 

Thoiuim 

Historical In Isi7 Herzeliu* found what In* supposed to be n new 
earth in the uine-r il Kudtdinile anil suggested for it the ntitiit* " t her in M 
from Th*»r, mm »>f ti*ho, S< itiidimivinti god of war 111 I H2f I he lieenta” 
eonvineed Ut il tin . te w i-arih ten a boars, phosphate of vltriimi. In IK2H 
lie Was oxltoiMlig tie- inileTid lenv known a» thorite and discovered » new 
(fart It with |iroj lerttet miggexljv*' of llie hirirnr t horin, Hu In' lnin*tferri'd 
the twine and «Ii*»we*l lie- re*»'i»hlon*a» lo itimiimi In IH.’| Hergmtinn 
Mlltiotineed the *h**'*iVi rv »tf it n»'W eh'liit-nf >al|.il douontllu fr*«n til*. 
torni nd <ir,'iiiKit*' ; in ISt »2 | tahr>li*ti-«iviTe*I wo 'iiirn, hut leiili thexe element o 
Inive l*ee|i demit i«i tie i*lt lil t*-al with thorimo 

» J»HT. ,S«. rti- m /(.</ 39 J« A t »«»»>. 
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The homogeneity of the ulwmsit Juts I « i|iie*tiimr.I several tiiws. 

The most notable case was in 1001. when ItnskrrviHe »wiuwl d.:,f by 
the fractional distillation of thorium chloride !.<• Im.l is.ilmd uv« te n- 
elements, berzelium and earnliitium. II is conclusion has tint been 
firmed 1 and thorium is ntiw regarded ns n distinct chemic-d dement, t-'>- 
topic with ionium, radinthoriinn, etc. No jcirticul.ir attention " ■>- j»;nd 
to the element until Alter von Wolslmch devised the im-ntide .cent ids 
mantle in 1885. At that time the mdv sources nf tJinrifim l.ir.wn a cre i In- 
rare earth minerals, which went ten rare to siijijdy tiny musi.h-rd.l- <<>in- 
mercial demand. A giadugical survey was enndm-ted, hnwrver, and *v 
tensive deposits of inonazite sand Itecame available.. 

Occurrence. — Thorium forms a rtire silicate, known us Ihu- 
rite, which resembles zircon closely. It is ilsi tally a 1 dock hy- 
drated mineral, but is soineti/ucs clear with an nruugc-yellmv 
color, when it is known us the gem oraugite. II coulaitis about 
60 per cent thoria associated wilh the silicates of uranium, 3 
iron, manganese, copper, mugncsiuni, lead, tin, alitniiniiini, 
sodium, and potassium. Thurianitc is another rtire mineral 
which contains about 80 per cent thoria, associated with I lie 
oxides of the rare earth metals anti uranium. It is found chiefly 
in Ceylon, where the mineral was discovered in 1001. Tim 
following year nine tons of this mineral were produced, but the 
supply is uncertain, and so it is not nn important source of tho- 
rium. The thoria is easily extracted, however, and when Ihn- 
ranite is available it commands a high price, In 1 90”) it sold 
at prices up to £1700 per ton. Thorium also occurs in varying 
quantities in most of the rare earth minerals, especially itiotia- 
zite, gadolinite, euxenitc, anil samarskite. It is found in traces 
in many of the common minerals, and in many igneous and 
sedimentary rocks, 

The principal supply of thoria is obtained from inonazite 
sands, which are found in Brazil, India, the CurolinaM, Idaho,* 
and in many other localities. Monazite is essentially n phos- 
phate of the cerium earths which contains varying amounts 
of thorium as an accessory constituent, Originally it is a con- 
stituent in pegmatites, granitos, and gneisses, in which it occurs 

•See Baskerville, Jour. Am. Chum, ,<*«•, SS 701 (1901); SC 023 

(1904); Ber. 38 1444 (1905) ; Brauner. I’roc. Chem. Mue. It 07 (1001) ; Meyer 
and Gumperz, Ber. 38 817 (1905) ; RU-rlmr'l, ihitl. 82ft, 

2 For a study of the Th*U content of mineral* see Meyer, fiitih. A kuti. H’u,. 
Wien. 128 (2 a) 897 (1919) ; O. A. If JHXi(mi). 

3 See U. S. Geol. Surv, Min. Ruourca for 1009, /», 80S; U. R CJeol, Hurv, 
BuU. 430 (1910). 
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in ton small < iiwit I it ies fur commercial use, The weathering of 
these rorks has been followed by tin* water concentration, ho 
that Ihc only commercial (lrjxwit.s hit along the rivi*r beds or, 
Upon I he beaches, where it Is associated with other heavy 
minerals. 

The deposits in Brazil are on the seashore and along the river 
hot I ions of the interior. The latter are expulsive to work on 
account of the low nionazite content (about O.H per cent) and 
tin* diflieultii's of transportation. The I tench sands have ac- 
cordingly supplier] most of the material whieh has been ex- 
jKirled. For many years these deposits supplied a very large 
part of the world's thoria. 

The deiKisits in India are chiefly on the seaeoast of Truvan- 
eore, They cover a known area of 1427 aeres, and in snitiw 
places the deposit is nearly 20 feet deep. The monazite in 
sight was originally estimated at ! ,77(>,(KK) tons, but recent sur- 
veys indiente that this estimate is mueli too small- Tlw per 
eent of thoria is nearly double that of the Brazil mineral (sen 
Table XXVI, page Hi!)), and sinee labor is very cheap, tin- east 
of production is low. 

Tim Carolina deposits are along the river beds and are cov- 
ered by about 4 feet of earth. The deposits vary from 1 to 10 
feet in thickness. 1 For several years considerable moiiu/.it.c 
was obtained from those deposits, hut tin- diffieulty of mining, 
tin* low thoria eontent, and keen eom[wtiliou has almost wholly 
eliminated the Ameriean supply from the world's market, Kf- 
forts have reeenlly been made to develop the deposit at Babin 
Beach, Florida, 

la pros|wcting for inoiiazite it is customary to concentrate' 
the sand by panning as iu a search for gold. The moimzite is 
heavy and bus a yellmv or brown color (rarely almost, black) 
and a peculiar luster. Tlw presence of certain rare earth de- 
ments makes accurate field diagnosis possible by the use of a 
hand HjM'of roseojw. If t he concentrated sand is spread out on a 

piece of twites or a cloth anil examined by the Hjwctroseope with 
natural light falling directly on the sand, a broad line is ob- 
served Iwtwoen the yellow and red and a narrower line in the 
green. These absorption lines are probably duo to the presence 
of neodymium ami erbium. 

1 Bee J, tl. Pratt, Ktonmnln Puptr, No. H, N, Otnitiuu OmiJ. Hnrv, 
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The mining of monazite is accomplished by open mines, 
usually of the simplest sort. The first steps in purification are 
taken before shipment is made, and they depend on washing 
out the lighter grains of silica, magnetite, ilmenite, zircon, and 
garnet and leaving the heavier monazite behind. Such methods 
of concentration are wasteful, but pretty satisfactory results 
are obtained by sizing the gravel before sluicing. More refined 
methods of concentration are now generally used, such as the 
shaking tables of the Wilfley type, used in Brazil, and dry blow- 
ing, used in India. The final and most efficient means of con- 
centration is by the use of electromagnetic separators. These 
separate the other minerals from monazite and to some extent 
from each other by means of the differences in magnetic per- 
meability. As usually carried out the partially refined mona- 
zite is dried and carefully sized and subjected to electromagnets 
of increasing intensity. These remove in order (1) magnetite, 
(2) hematite and ilmenite, (3) garnet, platinum, epidote, apa- 
tite, olivine, and tourmaline, (4) coarse monazite with small 
amounts of zircon, rutile, epidote, etc., (5) fine monazite. The 
non-magnetic residues, containing gold, zircon, rutile, quartz, 
feldspar, etc., may be separated by means of an oscillating 
table. 

Attempts have been made to utilize the by-products but 
without marked success. The ilmenite finds difficulty in com- 
peting with the native ore. The garnets are small, with rounded 
comers, and so of no value as abrasives. A small quantity of 
garnet of larger particles has been broken and used as abrasive. 
The gold has been recovered at a profit even when present in 
so small an amount as 1| cents per ton of the original gravel. 

The world’s consumption of monazite is estimated at about 
3000 tons per year. Three-fourths of the world’s supply of 
monazite in 1915 came from India, and since this ore contains 
a higher per cent of thoria, this corresponds to 90 per cent of the 
thorium production. This is used for its thorium content, which 
determines the price of the mineral. During 1920 monazite sand 
with a guaranteed minimum of 6 per cent Th0 2 ranged in price 
from $25 to $30 per unit,' duty paid. Thorium nitrate sold 
wholesale for $3.75 to $4 per pound, 

1 A unit means one per cent per ton. Thus, six per cent sand at $27 per 
unit would cost $162 per ton. 
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Table XXVII 


World’s Production of Monazite Sand in Metric Tons 



Brazil 

United States 

India 

Cetlon 

1909 

6,359 

242 

None 



1910 

5,345 

44.3 

None 

— 

1911 


1.6 

819 

— 

1912 

3,344 

0.6 

1,135 

— 

1913 

1,415 

None 

1,234 • 

— 

1914 

599 

None 

1,185 

— 

1915 

439 

16.1 

1,108 

— 

1916 

None 

16.5 

1,292 

— 

1917 

1,136 

34.7 

1,940 

— 

1918 

499 

No data 

2,117 

20 

1919 

146 

No data 

2,023 

40 


1,153 

No data 

1,667 

70 

1921 

— 

No data 

Ca 1,600 

Ca 70 


From monazite residues mesothorium is extracted, and a small 
amount of misch metal is prepared. 

Extraction. — From thorite and thorianite tjie extraction of 
thoria is easily accomplished. The minerals are easily dissolved 
in hydrochloric or sulfuric acid (nitric acid may be used for 
thorianite) and the solution evaporated to expel excess acid and 
dehydrate the silica. The residue is extracted with water, and 
the solution saturated with hydrogen sulfide to remove heavy 
metals. Separation from the rare earth metals may be accom- 
plished by the carbonate, sulfate, or oxalate methods. 

From monazite the extraction is difficult because of the 
small amount of thoria and the large quantities of elements 
with s imil ar properties. Many methods are available in the 
laboratory which would be too expensive for factory use. The 
methods actually used are carefully guarded secrets and doubt- 
less differ in accordance with the type of ore used, The follow- 
ing may be considered as typical. The ore is ground, if it con- 
tains large grains, and added gradually to twice its weight of 
hot concentrated sulfuric acid in cast iron pans. Heating is 
continued until the monazite grains have entirely disappeared, 
Then the mass is poured slowly into cold water, and silica, rutile, 
zircon, etc,, filtered out. The solution contains sufficient acid 
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to prevent the precipitation of the sparingly soluble earth phos- 
phates. If ammonia or magnesia is added, or if the solution is 
largely diluted, the thorium phosphate is precipitated since it 
is more sparingly soluble than the rare earth phosphates. The 
removal of the phosphoric acid may be accomplished by dis- 
solving the mixed phosphates in HC1 and precipitating thorium 
oxalate with oxalic acid. A less expensive method is to digest the 
phosphate with soda ash and precipitate Th(OH) 4 with sodium 
hydroxide. The phosphorus must be completely removed since 
phosphates cause the mantles to be exceedingly brittle. Not 
more than 0.0004 per cent of P 2 0 5 is generally permitted. 

From the sulfuric acid solution, thorium may also be ob- 
tained by precipitation with sodium fluosilicate, sodium hypo- 
phosphate, 1 or sodium pyrophosphate. 2 An ingenious method 
for removing the phosphorus has been proposed by Basker- 
ville 3 and used on a large scale. It consists in heating in an 
electric furnace a mixture of monazite, coke, lime, and feld- 
spar. The phosphorus is distilled out and the mass allowed to 
cool. When extracted with water, acetylene is evolved from 
the calcium carbide formed during the heating, and the re- 
mainder crumbles to a fine powder. This is dissolved in 
hydrochloric acid, and the cerium earths removed. 

Separation. — The separation of thorium from the rare earth 
metals with which it is still mixed may be accomplished by 
three methods : (1) the carbonate separation depends on the fact 
that thorium carbonate is much more soluble in sodium car- 
bonate than the carbonates of the rare earth metals ; (2) by 
the fractional crystallization of the mixed sulfates at 15°-20°, 
crystals of Th(S0 4 )2 • 8 H 2 0 are obtained at the insoluble end of 
the series; (3) thorium oxalate forms a soluble double salt 
with ammonium oxalate, while the rare earth oxalates ’ are' al- 
most insoluble in this reagent. Some other methods which 
have been suggested are fractionation of the chromates,* of 
the hydrogen alkyl sulfates, 6 of the acetates, by the use of 
sebacic acid 6 and hydrogen peroxide. 

'See Rosenheim, Cham. Ztg. 36 821 (1912); Wirtih, Zeit. angew. Chem. 26 
1678 (1912) ; Koss, Chem. Ztg. 36 686 (1912). 

* Carney and Campbell. Jour. Am. Chem. Soc. 36 1134 (1914). 

* Eighth International Congress of Applied Chem. 2 17 (1912). 

4 Muthmanm and Baur, Ber. 33 1756, 2028- (1900). 

5 Ger. Pat. 233,023 (1911). 4 <?er. Pat. 266,469 (1912). 
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loir llu* manufacture of gas mantles very pure thorium ni- 
trate is required. wild* I ho pn •sci ice of more tluui very slight 
truces of oilier oxides greatly reduces the eiutdlc power of the 
light. As an iodicatinii of the efiiciency of the extraction and 
purification methods it is worthy of note that lie (wren 80 
and 00 per cent of the Ihoriu present in the inoinuale is »1>- 
tained in the form of the nitrate of sufficient purity for mantle 
manufacture, 

( 'onsiderahle thorium nitrate is obtained from factory trim- 
mings and wurn-o«t mantles. Usually this material is pul- 
verized, sieved, dissolved in sulfuric acid, converted to the ni- 
trate and used again in making up the lighting fluids. 

Metallurgy. The high melting point of thorium, its chemi- 
cal activity toward hydrogen, oxygen, nitrogen, and narlsm, 
and its fondness for alloying with metals make its metallurgy 
particularly difficult, The metal has nut yet hcen obtained 
in a pure slate. 

Berzelius attempted in 1820 to reduce the double chloride, 
2 K('l *Th( 'h, with sodium or potassium, hut failed to get com- 
plete reduction. Magnesium only partially reduces TltOj, 
while silicon yields a siifeidc, e.trhon gives a narhide, ami ulu- 
ininium produces an alloy. By elect rolysis an impure metal 
is obtained which always contains oxide and other impurities. 
Probably the liest results have heeii obtained by reducing care- 
fully prepared anhydrous thorium chloride with sodium in a 
scaled lube. By this method Moissan and 1 Ibnigselinndt 1 
prepared I lie metal which contained only 3 [>er cent of the oxide, 
and win Bolton 3 obtained a product which be eluhns was free 
from oxide, Thorium has also licea produced by passing sodium 
vapor with such volatile thorium eoiiijsiunds ns the aeetyl- 
acctanntc through a rribhnl till hi, 1 

Properties, - As ordinarily prepared, thorium is a dark gray 
powder consisting of shining microscopic plates, It may Ik* 
hammered or rolled into the coherent form, when it resembles 
platinum in up|x*Hrartee, hardness, and ductility. The |s>wder 
has a density of 11,0 11,3, ami the coherent metal of 12,10, 
The metal is magnetic, having a susceptibility of +0,18 X 10 ", 

• Ann, Mm, Phi/n S (vili) I M2 (1005). 

HUktrneMtm. II® (IfflIK). 

tUUkw. (Ur. Pat. l.Ct.oSU (1000), 
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its value rising rapidly with increased temperature to 400°, 
According to von Bolton the molting point is I |.j(>\ The 
specific heat is 0.02787 at. ordinary temperatures. Tlio fine* 
powder ignites when rubbed or crushed in the air and the ribbon 
bums brilliantly just below red heat, giving off a shower of 
sparks and forming the oxide. Its heat of combust ion is 820,000 
calories. At a temperature around 150'’ it burns brilliantly in 
chlorine, bromine, iodine, and sulfur; at about (lot H it emu- 
bines directly with either hydrogen or nitrogen. ( Went rated 
hydrochloric acid anti aqua regia dissolve the metal rapidly, 
but sulfuric, hydrofluoric, and dilute hydrochloric acids attack 
it slowly. When first immersed in nitric .acid it is dissolved very 
rapidly, but the metal is soon rendered passive and the action 
stops. The alkalies do not attack it. It is slightly more elec- 
tropositive than magnesium, and alloys readily wilh.sueh metals 
as aluminium, copper, nickel, zircon into, nod tungsten. 

Thorium is strongly radioactive. 

Uses. — Alloys of tungsten and thorium an- used for making 
the filaments of incandescent electric lamps. When tungsten 
alone is used, much difficulty is encountered because lifter short 
use the metal becomes crystalline mid vaporizes, resulting in 
blackening of the bulb. The filament Isromes hard and brittle 
and frequently breaks. This tendency to crystallize may largely 
be overcome by alloying tungsten with thorium ami other rare 
earth metals. Sometimes tungstic oxide is mixed with 1-4 per 
cent thoria, 1 pressed into rods, and reduced hy hydrogen at 
red heat. Another process mixes 7 jx*r cent thorium tung- 
state with finely divided metallic tungsten and an organic bind- 
ing material 2 and produces the filament by a squirting process, 
Filaments are also made by mixing colloidal tungsten with 
thorium. These alloy filaments are said to la* exceedingly 
ductile, even in the cold, and have the ability to resist crystalli- 
zation during long use, The function of the thorium in these 
filaments has not as yet Imvii definitely established. It is pos- 
sible that Th0 2 forms a solid solution with the tungsten.* 

An alloy consisting of tungsten containing from 0.5 to 10 
per cent of thorium is used as the cathode of an electrical dis- 
charge apparatus devised by Langmuir. It is said to give an 

> Eng. PaU. 5026 and 8758 ( 1012). « French Pal. 4-17,684. 

«E. Wedekind. Edel Erdcn und Ertc. 3 100 (1022). 
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electron emission at 1300°-1380° A, which is equal to that given 
by pure tungsten electrode at 2000° A. 

Thorium salts have a, bactericidal and antitoxic action, as 
is shown by experiments with guinea pigs. Ten pigs which 
had received twice the lethal dose of cholera survived when 
treated with thorium or lanthanum salts, while the control 
pigs not so treated died within 30-36 hours. 1 A solution con- 
taining 0.5- 1.0 gram of thorium sulfate per liter is as toxic to 
lower organisms and ferments as mercuric chloride, 2 

The compounds of thorium find extensive use on account of 
their radioactive nature. 

Thoria has been used successfully as a catalyst in the syn- 
thesis of many organic compounds. Thus both symmetrical 
and unsymmetrical ketones may be prepared directly from 
monocarboxylic acids; 3 alcohols are converted into ethers or 
olefines according to the temperature employed; benzyl alco- 
hol forms esters with formic, acetic, propionic, isobutyric, and 
benzoic acids ; and ammonia and alcohols passed over thoria at 
360° yield olefines and primary amines. 4 * 

Small pencils of thoria containing about 1 per cent of ceria 
become brilliantly incandescent when heated to a moderate 
temperature. Such lamps are finding considerable use wherever 
the electric current is not available, for searchlights, automobile 
headlights, and projection lanterns for moving pictures. 

Numerous patents 6 have been issued for the use of thorium 
chromate, thorium tungstate, and other salts in the preparation 
of magnesium flashlight powders. It is claimed that such 
powders evolve les,s smoke than those which consist of magne- 
sium alone. 

The only important commercial use of thorium, however, is 
in the manufacture of incandescent gas mantles. This industry 
had a very modest beginning in 1884 when Welsbach patented 
the use of a fibrous network of rare earth oxides which were to 
be heated by an ordinary gas flame of the Bunsen type. The 
first mantles were composed of a mixture of zirconia, lanthana, 

1 Compt. rend. 159 410 (1914). 

2 Ibid. 143 690 (1906). 

8 Senderens, ibid. 148 927 (1909) ; Koehler, Bull. Soc. Chim. 15 647 
(1914). 

4 Made, Chem. Zeit. 34 1173 (1911), 

8 French Pats. 14,692 (1908) and 403,722 (1909) ; Eng. Pat. 27,267 (1904). 



186 


GROUP IV — CERIUM AND THORIUM 


and yttria. These were not successful because they were very 
fragile and possessed low powers of illumination. In 1886 
thoria alone or with a small per cent of rare earth oxides gave 
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Fig. 11. — Effect of Composition 
on the Intensity of Light Emit- 
ted by Mixtures of Ceria and 
Thoria. 


better results, but not until 
1893 can it be said that 
actual success was assured. 
In this year a patent was 
issued for the use of 99 per 
cent thoria and 1 per cent 
ecria. This gave a mantle 
which was strong and be- 
came brilliantly luminous 
at relatively low tempera- 
tures. No other arrange- 
ment has yet been discov- 
ered which produces so 
satisfactory results. If the 
amount of ceria is either in- 
creased or decreased, the lu- 
minosity decreases rapidly. 
Soc Fig. 11. It is probable 
that the ceria is held in solid 


solution 1 by the thoria. 

The importance of this industry is seen in the statement 
that the world’s annual consumption of incandescent mantles 
is about 300, 000, 000, 2 of which the United States consumes 


about 80,000,000. Since each mantle contains about 0.5 gram 
of thoria representing 1 gram of the nitrate, the world’s total 
consumption of the nitrate will be 300,000 kilograms. Pre- 
vious to the outbreak of the war the industry was almost abso- 
lutely controlled by German and Austrian interests. English 
and French mantle manufacturers depended on German and' 
Austrian supplies of thorium nitrate. With the outbreak 
of the war this supply was cut off. Soon there developed a 
vastly increased demand for gas mantles on account of the 
'^stripping ’’ of the gas supplies of those constituents which 
give luminosity to the gas, in order to obtain material for the 
manufacture of high explosives. The stripped gas still possessed 


1 White and Travers, Jour. Soc, Chem. Ind. 21 1012 (1902). 

1 Estimate of Karl L. Kithil, Bur. of Mines, Tech. Paper 110. p. 9, 
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splendid heating power and could be used efficiently for light- 
ing if the burner were provided with an incandescent mantle. 
To meet these increased needs European manufacturers turned 
to American sources of thorium, nitrate. As a result several 
new producers entered the market and production increased 
enormously. See Table XXVIII. Thirty or more producers 1 
are said to be engaged in the manufacture of mantles in the 
United States and the exports now exceed the pre-war imports. 
Competition has been keen enough to keep prices down and 
quality up. 

Table XXVIII 

Principal Imports oj Thorium Material into the United States 


Momazitb (and Thorite) 

Thorium N’itbate 


Pounds 

Value per Pound 

Pounds 

Value per Pound 

1913 

1,145,010 

$0,082 

112,105 

$1.89 

1914 

770,840 


101,927 

2.35 

1915 

1,873,971 

0.117 

67,406 

2.52 

1916 

1,221,399 

0.098 

909 

4.27 

1917 

4,598,926 

0.065 

1,188 

1.98 

1918 

2,994,515 

0.068 

None 

— 

1919 

632,568 

0.077 

3,307 

1.59 

1920 

1,814,182 

0.078 

35,640 

1.21 

1921 

542,130 

0.047 

44,554 

2.01 


The manufacture 2 of incandescent mantles is based upon the 
impregnation, of a combustible fabric with the nitrates of tho- 
rium and cerium and the ignition of this material by which the 
fabric is consumed and the nitrates converted to the oxides. 
The fabric selected was first long fiber cotton, which is still 
extensively used in the United States. Better grades of man- 
tles are produced by the use of ramie, which before the war was 
used for the production of 90 per cent of the mantles made in 
Europe. Artificial silk has been used with very satisfactory 
results, as. it gives a mantle which is strong and elastic, and 


i JT> 9. Tariff Commission, IrtformaLion Series, No. 14 (1920). 
a The process described is for mantles made of cotton or ramie. For more 
extended account see Johnstone , Rare Earth Industry, p. 15 Levy, Rare Earths, 
p. 265; Bdhm, Das OatgluUicht (1905) and Chen. Ini. 29 450 (1906). For 
artificial silk mantle. 5 see "Wirth ,Chem. Zeit. 35 752 (1911). 
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possesses high illuminating power, which it retains well. Arti- 
ficial silk fabric has the advantage that it may be prepared in 
very pure form, thus making the long washing process unneces- 
sary, The fiber is woven into a long tube or " stocking,” va- 
rious stitches being used and the tension of knitting depending 
on the purpose for which the mantle is to be used. The fab- 
rics before impregnation must be free from fatty substances 
and nearly free from mineral matter. To this end the cotton 
fabric is washed first in dilute caustic soda, then in dilute hydro- 
chloric acid ; while ramie is soaked in dilute nitric acid, washed 
in water, then soaked in ammonia. The fiber as finally used 
should yield between 0.02 and 0.01 per cent ash. If the ash 
excedes 0.02 per cent, the mantle becomes brittle, especially 
if silica is present. 1 

After washing, the mantle fabric is thoroughly dried, then 
impregnated by soaking in the " lighting fluid.” This is a 
solution containing 25-50 per cent thorium and cerium nitrates 
mixed in proportion to yield 99 per cent thoria and 1 per cent 
ceria. Occasionally beryllium nitrate, magnesium nitrate, or 
other salts are added to increase the strength of the ash. In- 
verted mantles sometimes have 0.5 to 0.8 per cent ceria. After 
impregnation the excess liquid is removed by a wringer or a 
centrifugal machine and the material carefully dried. 

The asbestos loop and other supports are attached, and a 
process called fixing is sometimes employed, ^specially for man- 
tles which are designed to withstand shock. This is accomplished 
by applying to certain parts of the mantle a solution which may 
contain borax, or nitrates of aluminium and magnesium. When 
the mantle is finished those parts which have been treated in 
this fashion are found to have a denser and stronger oxide, be- 
cause of the greater shrinkage during the burning process, In 
this manner those portions of the mantle which are exposed to 
the greatest strain are reinforced. 

Branding is accomplished by stamping a design upon the 
mantle fabric with a rubber stamp, wet with a solution the 
main constituent of which is " didymium ” nitrate. This on 
ignition yields a colored oxide, 

The mantle is next shaped on a wooden model and burned off, 
beginning at the top with a low temperature flame and finishing 
i Jour. Soc. Chm. Ind. 41 2841 T (1922). 
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with a blast lamp, When, first formed, the oxides which make 
up tbe mantle are soft and shapeless, hut on ignition at the higher 
temperature the oxides become much more dense and rigid. 
The burning off was formerly done by hand, but now it is gen- 
erally done by machine, During the burning off process there 
is considerable shnnkage, the amount of which depends upon 
the fiber, the particular stitch used, the tension of knitting, the 
amount of impregnating fluid, the ratio of ceria to thoria, and 
other factors. When thorium nitrate is ignited to the oxide 
it expands at least tenfold, but cerium oxide has essentially 
the same volume as the nitrate crystals from which it is pre- 
pared, Accordingly, the ratio of ceria to thoria by volume in 
the usual mantle is approximately 1 to 999. 

After the hardening process the mantles are in exactly the 
same condition as when they are in use upon a burner. But 
in order to protect them against the shocks of transportation 
they arc dipped into a collodion solution to which is sometimes 
added nitrates of thorium, zirconium^ or beryllium for the added 
protection which these salts supply. After drying, the mantles 
are trimmed and packed for shipment. 

The number of mantles manufactured from a pound of 
thorium nitrate varies widely with the size and quality of the 
mantles, In the United States about 325 is the average num- 
ber produced from a pound of thorium nitrate, while in England 
the number varies from 225 to 450. As many as 600 of the 
cheaper German mantles are said to be prepared from a pound 
of the nitrate. 

Compounds. — In its chemical relations thorium resanbles 
both zirconium and quadrivalent cerium. It is somewhat more 
markedly electropositive than either of these elements, acidic 
properties being entirely absent. Its neutral salts are hydro- 
lyzed somewhat in solution, and consequently are acid to indi- 
cators. They are however sufficiently stable to permit recrys- 
tallization from water solution. In basicity thorium approaches 
the elements of the yttrium group. Double salts are less 
common than with cerium and zirconium, but characteristic 
double nitrates, R 2 'Th(N 0 3 )e, crystallize well and are iso- 
morphous with the analogous ceric double nitrates. Thorium 
resembles cerium in forming a double potassium sulfate which 
is insoluble in potassium sulfate solution, hut differs from it in 
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forming a double ammonium oxalate which is soluble in excess 
of ammonium oxalate. 

The salts of thorium with colorless acids are colorless. In 
all its compounds thorium is quadrivalent. 

Hydrogen, unites directly with thorium at red heat, forming ThH 4 , a 
stable powder, gray to black in color, unaffected by water but dissolved by 
HC1, yielding hydrogen. The formation of a gaseous hydride by action 
of dilute acids on an alloy of magnesium and thorium has been affirmed 1 
and denied. 2 

Oxygen forms Th0 2 , the most important oxide, and a peroxide, Th 2 0 7 
or Th0 3 . The dioxide is prepared by igniting the hydroxide or the salt 
of an oxy-acid. It is a white powder whose properties depend on the source 
and temperature of formation. The nitrate yields a light voluminous 
powder, the sulfate gives a much more dense product. When fused with 
borax it yields tetragonal crystals isomorphous with rutile and cassiterite. 
When pure thoria is heated it glows very little, but when mixed with a small 
per cent of other oxides, especially ceria, it becomes brilliantly incandescent. 
It is difficultly soluble in acids, especially after ignition at high tempera- 
tures. If the oxide is suspended in concentrated sulfuric acid and the 
mixture evaporated, it is transformed into the sulfate. Fusion with 
KHSO< accomplishes the same result, but it is not attacked by an alkali 
carbonate fusion. It exists in an isomeric form, somewhat similar to that 
shown by zirconia and stannic oxide. The isomeric form is obtained as a 
gel, soluble in water, by repeated evaporation with small quantities of acid. 
It is sometimes called thorium meta-oxide and was formerly assigned the 
formula Th s 0 6 . It is now generally considered as possessing the same for- 
mula as ordinary thoria. 3 

The peroxide is obtained as hydrated Th^Q? when ammonia and hy- 
drogen peroxide are added to the solution of a thorium salt. It is unstable 
and loses oxygen readily, forming the relatively stable Th0 3 . This is a 
very useful means of detecting and estimating thorium, by which it may be 
distinguished from both zirconium and the rare earths. 

The hydroxide, Th(OH) 4 , is precipitated as a gelatinous white mass when 
an alkali hydroxide or ammonia is added to solutions of a thorium salt. 
It is readily soluble in acids, forming salts, and in solutions of alkali carbon- 
ates, forming complex carbonates. It is not soluble in the alkalies, hence 
thorates are unknown. It is easily obtained as a positively charged 
colloid from which small quantities of electrolytes precipitate it. 

Nitrogen unites directly with thorium, forming Th 2 N 4 . This compound 
may be prepared also by heating a mixture of Th0 2 and magnesium or 
aluminium in nitrogen or the carbide in ammonia. It is a dark red powder 
slowly decomposed by cold water and quickly by hot, forming ammonia 
md ThOj. 

* Klauber and v. Mellenheim, Zeit. anorg. allgem. Chem. 113 306 (1920). 

9 Schwarz and Konrad, Ber. 54 B 2122 (1921). 

* Stevens, Zeit. anorg. Chem. 27 41 (1901). 
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The nitrate, Th(N0 3 ) 4 • 12 H 2 0, is obtained by dissolving the oxide or 
carbonate in dilute nitric acid and allowing the solution to evaporate at 
room temperature. On heating the solution a hexahydrate is obtained, 
and if a considerable excess of nitric acid is present a pentahydrate forms. 
A dihydrate is also known. The commercial thorium nitrate is not a 
definite hydrate, but contains a quantity of water equivalent to a tetra- 
hydrate. If the pure salt is ignited, a dense and harsh oxide results ; 
but, if there is present 1 or 2 per cent of sulfuric acid the oxide is soft and 
bulky, occupying 6-10 times the volume of the nitrate. The voluminous 
ash is usually prepared for mantle manufacture. It forms a large 
number of double salts, like 2 M’NO a • Th(N0 3 ) 4 with the alkali metals and 
M”(N0 3 ) 2 • Th(N0 3 ) 4 - 8 H 2 0 with nickel, cobalt, magnesium, zinc, and 
manganese. It also forms addition products with pyridine, quinoline, 
diethylamine, etc. 

Phosphates of thorium are numerous. The normal phosphate, 
Th 3 (P0 4 ) 4 - 4 H 2 0, is precipitated as a bulky white mass by sodium phos- 
phate. The precipitate always contains sodium. Thorium phosphate 
is more difficultly soluble in dilute acids than the other phosphates of 
monazite, consequently a partial separation of thorium is effected by means 
of sulfuric acid. A pyrophosphate, ThP 2 0 7 • 2 H 2 0, is precipitated by sodium 
pyrophosphate, and the meta-phosphate, Th(P0 3 ) 4 , is formed by fusing 
ThCl 4 and HP0 3 . Double phosphates are formed by fusing Th0 2 or 
Th 3 (P0 4 ) 4 with the alkali phosphates; and mixed halogen phosphates, like 
3 Th0 2 • ThCl 4 • 2 P 2 0 6 , are prepared by heating the halide and meta- 
phosphate. 

Fluorine forms anhydrous ThF 4 as a fine white powder when hydrogen 
fluoride vapor is passed over ThCl 4 or ThBr 4 at 350°-400°. When HF is 
added to the solution of a thorium salt ThF 4 • 8 H 2 0 is precipitated, but on 
drying in the air ThF 4 • 4 H 2 0 forms. Thorium fluoride is insoluble in excess 
of HF, which permits the quantitative separation of thorium and zirco* 
nium. On igniting a hydrated thorium fluoride the oxide remains. Thorium 
fluoride forms double salts with the alkali fluorides, such as K 2 ThF« - 4 H 2 0, 
KTh 2 F» - 6 H 2 0, KThF 5 • H 2 0. These salts differ from the other double 
fluorides of Group IV by being amorphous and very sparingly soluble. 

Chlorine forms ThCl 4 in a number of ways in all of which oxygen and 
moisture must be absent to prevent the partial formation of the oxychloride : 
(1) a pure salt is prepared by heating Th0 2 in a stream of chlorine and sulfur 
monochloride; (2) a mixture of the metal and its carbide, obtained by 
heating Th0 2 with C in an electric furnace, yields the chloride when heated 
in a stream of chlorine; (3) phosgene reacts with Th0 2 , giving ThCl 4 and 
C0 2 ; (4) ThOCl 2 at red heat gives Th0 2 and ThCl 4 . The anhydrous 
chloride forms colorless crystals which sublime at 720°-750°. They are 
deliquescent and dissolve readily in water with the evolution of much heat. 
The hydrate ThCl 4 • 8 H 2 0 forms on crystallization ; these yield a hepta- 
hydrate on drying at ordinary temperatures, a tetrahydrate at 50° aa& 
ThCl 4 • 2 H 2 0 at 100°. Above this temperature basic chlorides are formed. 
Anhydrous thorium chloride combines directly with ammonia to form 
many addition compounds, some of which are decomposed by water and 
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some arc not. It also forms addition cuiiiimumls with nictbykunine, 
cthylaminc, jiropylamine, toluidine, pyridine., anil ipiiimlim: ; with alco- 
hol, acetaldehyde, cinnamic aldehyde, uectunc, xolicylsldcbyde. It forms 
double salts with the alkali chlorides, although such compounds are less 
numerous than in the case of the triviilcnt earths. 

ThOCl, is formed when hydrated thorium chloride is hooted to 250°. 
It is also formed when carlion tetrachloride begins to act \)|>(in Imt ThO,. 
It is very hygroscopic and dissolves in water without dcediujiiisithin. 

Bromine and iodine form comjmurids similar tn the chlorine derivatives. 

Th(I0 3 ) 4 is of considerable imparlance in the detection and estimation 
of thorium because in the presence of a large excess of alkali iwlute it is 
insoluble in strong nitric acid while the. rare earth salts dissolve readily. 

Carbon forms TI 1 C 2 when ThO, and carbon are heated in the electric 
furnace. It burns brilliantly in air, forming ThO,, and in sulfur, giving a 
sulfide. Concentrated aeiils have little action upon it, dilute acids and 
water react inure readily, producing a very complex mixture of gases which 
includes 47-48 per cent acetylene, 27-81 per cent methane, about 5 per 
cent ethylene, 16-18 per cent hydrogen, and small amounts of ethane, 
propane, butane, propylene, and some higher members of the acetylene 
series, 

Carbonates are numerous, although they lire mostly double or basic 
salts. When an alkali carlsinatc is added to the solution of a basic, salt 
there is precipitated a basic carbonate, soluble in excess uf the precipitant. 
The solubility of the double, alkali thorium carbiuinles is the basis of an 
important method of separating thorium front t.hu rare earth group. Crys- 
talline double thorium carbonates, such as 8 Ni»,C(), ■ Tb (('<)»)» ■ 12 11,0, 
maybe obtained by adding alcohol to the mjucims solution of the double 
carbonate. Hydrates of the normal urtlutcurbnunte, such ns Th< '( ) 4 • 2 HjO, 
are obtained by passing carlxin dioxide. into tborimu hydroxide under 
pressure. The basic carbonate, 2 Th(OII) 4 • CO,, is farmed at atmospheric 
pressure. 

Thorium oxalate, Th(C,0 4 ), • 0 11,0, Ls precipitat ed us a whil e amorphous 
powder when oxalic acid is added to a solution uf 11 thorium salt. It 
dissolves readily in solutions of ammonium carbonate uml ammonium 
oxalate, but is less Roluble in sulfuric, acid than the rare earth oxalates and 
is insoluble in nitric acid. Double alkali oxalates, acid oxalates, and mixed 
salts have been prepared. 

Sulfur forms TbS,, which is best prepared by the act ion of hydrogen 
sulfide on a hot mixture of ThCl 4 and Nad. It forms largo brown crystals, 
which react violently with nitric acid. ThOS is formed at t he same time 
as small orange-yellow crystals. The two products may lx) separated by a 
sieve. 

The sulfate, Th(S0 4 ),. may be prepared by heating the hydrated salts 
at 400°. The anhydrous salt is a white crystalline powder which is ex- 
tremely soluble in ice water and forms highly supersaturated solutions. 
From these hydrates with 2, 4, 6, 8, ur 0 molecules uf water separate at 
various temperatures. The solutions of thorium sulhito are considerably 
hydrolyzed, the g| solution being 40 per cont hydrolyzed. 
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There are also formed the acid salt, Th(S0 4 ) 2 ■ H 2 S0 4 , and a basic salt, 
Th0 2 • S0 3 , which has several hydrates ; double alkali sulfates of the formula 
Th(S0 4 )* • 2 M 2 ’,S0 4 • 2 H 2 0, of which the potassium, rubidium, and caesium 
salts are difficultly soluble and formed by precipitation; double salts with 
the sulfates of organic bases, such as pyridine, quinoline, diethylamine and 
phenylhydrazinc. 

The sulfite, Th(S0 3 ) 2 • H 2 0, is prepared by warming a mixture of thorium 
sulfate and stilfurous acid. It is soluble in solutions of the alkali s ulfit es 
from which basic double sulfites separate on standing. 

No thiosulfate has been prepared. 

Thorium forms a silicide, ThSi 2 ,' two borides, 2 ThB< and ThB 6 , a selenate, 
Th(Se0 4 ) 2 • 9 II 2 0, and a selenite, Th(Se0 2 ) 2 - H 2 0, besides numerous salts 
of organic acids. 

Detection. — Prom solutions of thorium salts, Th(OH) 4 is precipitated 
by alkali hydroxides, ammonia, or ammonium sulfide and the precipitate 
does not dissolve in an excess of the precipitant. Sodium thiosulfate 
precipitates a mixture of the hydroxide and sulfur, while sodium azide, 
NaN 3 , precipitates the hydroxide from boiling solution. The latter test 
is distinctive if the ceric salts are first reduced to the cerous condition. 
II 2 0 2 precipitates the peroxide from a warm slightly acid solution. A 
solution of potassium iodate containing considerable concentrated nitric 
acid precipitates thorium iodate, insoluble in oxalic acid ; cerium must be in 
the trivalent condition; zirconium iodate precipitates but dissolves in 
oxalic acid. Sodium hypophosphate precipitates on boiling the hypo- 
phosphate of thorium from very dilute thorium solutions, even in the 
prhscnceof concentrated hydrochloric acid; ceric, zirconium, and titanium 
salts must he absent. Sodium pyrophosphate precipitates the thorium 
salt, sparingly soluble in dilute mineral acids; zirconium and ceric salts 
must be absent. Oxalic acid precipitates thorium, insoluble in excess of 
reagent, while zirconium oxalate is soluble in excess. Ammonium oxalate 
precipitates the oxalate soluble in excess, and not reprecipitated on dilu- 
tion, while rare earth oxalates reappear on dilution. HC1 reprecipitates 
thorium oxalate from solutions of its double oxalate, while zirconium does 
not. 

Estimation. — The quantitative determination of thorium in a solution 
free from zirconium and the rare earth group is very simple. It consists 
of precipitating the hydroxide or oxalate and igniting to the oxide. In 
the presence of other similar salts the process becomes elaborate and usually 
involves several precipitations by the same or different reagents in order 
completely to remove interfering substances. Some of the more im- 
portant methods of determination are outlined as follows : — 

(1) Hydrogen peroxide added to a neutral solution of the nitrates 
containing NH 4 C1 or NH<N0 8 precipitates thorium completely. 3 The 
precipitate may be ignited directly or dissolved in HC1 and reprecipitated 
by ammonia. 

1 HSnigschmidt, Compt. rend. 112 157 (1906). 

2 Ibid. Ill 191 (1905). 

3 Zeit. angew. Chem. 15 297 (1902) and Compt. rend. 127 412 (1898). 
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(2) The iodate method 1 is available in the presence of phosphoric acid, 
so may be applied directly to a solution of monazite in sulfuric acid. 
Add HN0 3 to the sulfuric acid solution, then ICIOa and HN0 2 . Repeat 
the precipitation and finally dissolve the thorium iodate in HC1, precipitate 
as Th(OH) 4 , and ignite. 

(3) If a little H 2 O 2 is added to an acid solution containing thorium, 
then the solution brought to a boil and a solution of sodium hypophos- 
phate 2 added drop by drop as long as a precipitate forms, thorium 
hypophosphate is precipitated along with zirconium. Treat the pre- 
cipitate with a mixture of sulfuric and nitric acids, evaporate to dryness, 
take up with water and precipitate thorium oxalate; ignite and weigh 
as TI 1 O 2 . 

A volumetric method is based on the fact that ammonium molybdate 
precipitates thorium as the normal molybdate but has no action on the 
rare earth elements. 3 The mixed nitrates are dissolved in 1 : 15 acetic 
acid to which a little sodium acetate has been added. This solution is 
titrated cold with ammonium molybdate, using diphenylcarbazide as an 
outside indicator. The end point is the appearance of a deep rose color 
which fades quickly. Another volumetric method 4 precipitates thorium 
from a mixed nitrate solution with hot oxalic acid ; let stand, filter, wash, 
and add the precipitate to hot water, then add 1 : 1 sulfuric acid and titrate 
with decinormal permanganate. 

Thorium may also be determined quantitatively by measuring the 
radioactivity of the ore or compounds. 5 

The use of cupferron for the determination of thorium is not successful.* 

' Chem. Zeit. 34 306 (1910). 

2 Chem. Zeit. 36 686, 821 (1912) ; Zeit. angew. Chem. 25 1678 (1912). 

* Metzger and Zona, Jour. Ind. and Eng. Chem. 4 493 (1912). 

4 Gooch and Kobayoshi, Am. Jour. Sci. 45 227 (1918). 

6 Jour. Am. Chem- Soc. 41 42 (1919) ; 43 2003 (1921); Borgstrfim, Finska 
Kern. Meddel 1917; C. A. 15 1677 (1921). 

• Jour. Ind. and Eng. Chem. 12 344 (1920). 



CHAPTER XI 
GROUP IV — GERMANIUM 

The dements carbon, silicon, germanium, tin, and lead com- 
prise Division B of Group IV, As a group these elements re- 
semble the members of the A division in general, there being 
fewer contrasts between the two divisions than in any other 
family of the periodic table. Elements of Division B are some- 
what less electropositive than the corresponding members of 
Division A. Division B elements form no superoxides but do 
form organo-motallic derivatives. 

There is a close family relationship between the members 
of Division B, whose physical properties, so far as they are 
known, show a gradual change with increasing atomic weight. 
(See Table XXIX.) The chemical properties likewise show in- 
teresting family relationships. All the elements of the family 
form both bivalent and tetra valent compounds and in all cases 

Table XXIX 


Properties of the Carbon-Lead Family 



Carbon 

Silicon 

Gebmanium 

Tw 

Lead 

Atomic Weight 

12.005 

28.1 

72.5' 

118.7 

207.2 

Specific Gravity 

2.3-3 .5 

2.35 

5.47 

5. 8-7.3 

11.4 

Atomic Volume 

4.5 

12.04 

13.26 

18.25 

18.18 

Melting 

Point 


About 

1500° 

953°-963° 

231° 

326° 

Boiling 

Point 


About 

3000° 


& 

O 

o 

1500° 

Boiling Point 
MCLt 

76° 

59° .6 

o 

CO 

00 

113° .9 

Decom- 

poses 


1 Miiller, Jour. Am. Chem. Soc. 43 1085 (1921) finds 72.42. 
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except lead the compounds of the higher valence are more im- 
portant and more characteristic. Carbon mw I silicon are acid- 
forming while germanium, tin, and lead arc increasingly l nixie 
in character, as is shown by a comparison of the hylic U-s, the 
monoxides, and the dioxides. The tetrachlorides are increas- 
ingly hydrolyzed by water as the atomic weight of the element 
increases, but the dichlorides of the heavier dements are the 
most stable. Tin and lead are known in similar allot topic 
forms, Lead resembles thallium and bismuth, forming: link 

between this family and its neighbors of the periodic system. 
Like many of the other elements of high atomic weight it has 
peculiarities which differentiate it from the other mom I icrs of 
its family. Its relationship to radioactive elements is pretty 
definitely established. 

Historical. — The element ckasilicon was predicted by MeltdcloelT 
and its general physical and chemical proper! ies foretold. (.See Tn 1 do 111. 
p. 8.) No element was discovered which fulfilled these prophecies until 
1886, when Clemens Winkler was analyzing the newly discovered silver 
mineral argyrodite. The total constituents lidded up gave between 08 
and 94 per cent. He repeated the. analysis carefully several times utnl 
obtained good checks but could not find any known element which made 
up the balance of the mineral. After much careful work he discovered t hat 
when the mineral was heated out. of contact, with the »ir, there was formed a 
dark brown sublimate, which he proved was made up of t he sulf ides of 
mercury and a new element for which he promised the name germanium. 
On further study he found that it presented elnse agreement, with Meade* 
leeff’s ekasilieon. 1 The mineral upon whieh he was working appears to 
have been a mixture of argvrodite anti other minerals 3 so that it probably 
contained not more than 0.02-0.03 per rent of germanium, from this 
material he extracted 180 grams of the pure element. 

Germanium is one of the least known of all the elements, since almost 
all of our knowledge concerning it has he.cn furnished by the researches of 
its discoverer. 8 

Occurrence, — Germanium is a very ram element, found 
in only a few minerals. It is usually found in nature as the 
sulfide and is very commonly associated with silver Htilfkle. 
The principal ore is argyrodite, containing 6.93 per cent ger- 
manium, This ore comes from a Freibc.rg, Saxony, mine and 
is very similar to canfieldite, 6.55 per cent germanium, found in 

1 See Roscoe and Schorlcmmcr, Vol. 2, p. 70. 

3 Urbain, Compt. rend. 180 17.1 K ( 1910 ). 

* Jour. Ind. and Eng. Chem. 9 001 (1917), 
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Bolivia. A recently discovered 1 mineral, ultra-basite, from 
Freiberg, is thought to be a mixture of the sulfides of germa- 
nium, silver, lead, and antimony, containing 2.2 per cent ger- 
manium, This element is also found in smaller amounts in 
zinc blende from various sources. Urbain examined 2 64 samples 
of blendes from as many localities and reports some germanium 
in 38 of them. From 550 kilograms of a Mexican blende he 
obtained 5 grams of pure germanium. 3 It is also found in 
some samples of tantalite, columbite, cassiterite 4 * and such rare 
earth minerals as euxenite, samarskite, 6 gadolinite, and fer- 
gusonite. Traces have also been detected in certain mineral 
waters. From 250,000 liters of a certain French mineral water, 
Bardet obtained 6 60 mg. Ge0 2 - 

The richest sources of germanium now known are the spelter 
residues from certain American zinc ores, 7 especially those from 
Wisconsin and Missouri. It collects in the spelter retort resi- 
dues, since the oxide is easily reduced by carbon at red heat 
and the metal is only slightly volatile at 1350°. In the zinc 
oxide furnaces, germanium burns to Ge0 2 and passes off with 
the dust to the bag houses. Probably the ores of Wisconsin 
and Missouri, contain not more than 0.01 per cent germanium, 
but the amount seems to be more uniform in the case of this 
element than it does in the case of gallium. 

Extraction. — Germanium ores may be decomposed in a 
number of ways. (1) The mixed sulfides may be dissolved in 
strong sulfuric acid and evaporated to dryness. If the sulfates 
are taken up with water and treated with sodium sulfide, both 
zinc and germanium are precipitated. The former may be 
dissolved in sulfuric acid (15 : 100) while the germanium sulfide 
remains in solid form. 8 9 (2) A more satisfactory separation 
is usually accomplished by suspending the oxides in 1 ; 2 HC1 
and saturating with H 2 S. Filter, wash with dilute HC1, and 


1 Zeii. Kryat. Mineralogie, 55 430 (1921). 

7 Compt. rend. 149 602 (1909). 

1 Urbain, Blondel, Obiedoff, Compt. rend. 150 1758 (1910). 

* Hadding, Zeit. anorg. allgem. Chem. 123 171 (1922). 

* Dennis and Papish have shown that American samarskite does not contain 
a detectable quantity of germanium | Jour. Am. Chem. Soc. 43 2131 (1921). 

9 Compt. rend. 158 1278 (1914). 

7 See Hillebrand and Scherrer. Jour. Ind. and Eng, Chem, 8 225 (1916) 

and also ibid, 9 661 (1917). 

9 Urbain, Compt. rend. 150 1758. 
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dissolve the precipitate in Na 2 S. Bring the solution to the 
neutral point by adding dilute H 2 S0 4 and let stand. Filter 
off the precipitated sulfides of tin, arsenic, and antimony; 
to the filtrate add an equal volume of strong HC1 and saturate 
the solution with H 2 S, when pure GeS precipitates. 1 2 (3) To 
separate germanium from ZnO, the ore may be added in small 
portions to commercial hydrochloric acid 3 in the proportion 
of a kilogram of oxide to 2400 cc. of acid. After the solid is 
dissolved add KC10 3 cautiously until the oxides of chlorine 
begin to appear, then distill at once. GeCl 4 distills under these 
conditions, between 120°-140°. (4) From argyrodite germa- 

nium may be extracted by fusion with sodium carbonate and 
potassium nitrate. Cool the melt, pulverize, and extract the 
alkaline germanate with water, add sulfuric acid and evaporate 
till all nitric acid is expelled, If the residue is dissolved in 
water and allowed to stand, germanium oxide separates from 
the solution. 

Separation. — From most of the metals, germanium may be 
separated by the formation of the sulfo-salts with ammonium 
sulfide. It may be separated from arsenic, antimony, and tin 
by exactly neutralizing the sulfo-salts with sulfuric acid and 
filtering after 12 hours. Evaporate to small bulk, add ammonia, 
ammonium sulfate, and sulfuric acid and saturate with H 2 S. 
GeS 2 precipitates while the other metals remain in solution. 

Germanium may also be separated from arsenic by either of 
three methods : (1) Fuse the mineral 3 with Na^COs and S, form- 
ing the sulfo-salts, add NH 4 C 2 H 3 0 2 , acidify with HC 2 H 30 2 , 
and saturate with H 2 S. Under these conditions arsenic is 
completely precipitated and germanium remains in solution. 
(2) Germanium chloride may be distilled in the presence of 
strong HC1 by oxidizing arsenic to the less volatile pentachloride 
by means of a chromate. 4 In this manner 0.5 mg. of Ge0 2 mixed 
with 100 mg, As 2 0$ gave an arsenic-free germanium chloride. 
The completeness of the separation by distillation has been 
questioned. 5 (3) If the oxides are dissolved in an excess of 

1 Truchot, Lea Terrea Raree, p. 294. 

2 James, Jour. Am. Chem. Soc. 41 947 (1919). 

8 Browning, Am. Jour. Sci. 44 313, 

4 Browning, ibid. 48 663. 

i J. H. Mailer, Jour. Am. Chem. Soc. 43 1086 and 2549 (1921); see also 
Dennis and Papish, ibid. 43 2131 (1921). 
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HF and H 2 S is added, As 5 S 3 is quantitatively precipitated while 
germanium is left in solution, 1 

From lead, cadmium, and selenium, germanium may be sep- 
arated 2 by distilling a strong hydrochloric acid solution in the 
presence of a little KMnCh, Mn0 2 , or KC10 3 . The delivery 
tube should end just above the surface of the water in the 
receiver, which is surrounded by a cooling mixture, A precipi- 
tate of GeS 2 may be obtained by saturating with hydrogen 
sulfide. 

Metallurgy. — The metal may be prepared by : (1) heating 
the oxide with carbon ; (2) reducing potassium fluogermanate, 
K 2 GeF 6 , with hydrogen or sodium ; (3) heating the oxide in a 
stream of hydrogen ; or (4) reducing the oxide with magnesium. 

Properties. — Germanium is a grayish white metal with a 
brilliant metallic luster, crystallizing in regular octahedra. 8 
The specific resistance at 0° is 0.089 ohms per cubic centimeter. 4 
Thermoelectric determinations indicate that germanium ex- 
ists in more than one form. It is brittle, has a density of 
5.469 at 20°, and melts at about 958°. 8 Its boiling point has 
not been determined definitely. In the presence of the oxide 
it begins to vaporize at a temperature as low as 750°, but in 
an atmosphere of hydrogen or nitrogen it produces little vapor 
at 1350°. The specific.heat 0°-100° is 5.34. It is stable in the 
air at ordinary temperatures but when heated it burns to Ge0 2 . 
It is not acted upon by hydrochloric acid, but dissolves readily 
in aqua regia; toward nitric acid it behaves much like tin, 
being oxidized to Ge0 2 . It is dissolved by sulfuric acid, which 
it partially reduces, liberating sulfur dioxide, It combines 
directly with the halogens. 

Uses. — Recently some success has been met in the treat- 
ment of anemia by means of germanium compounds. 8 

Compounds, — Germanium forms two series of compounds. 
In the germanous compounds the element has a valence of 2. 
These compounds are not numerous, are quite unstable, and 
resemble the compounds of silicon and carbon, In the ger- 

1 J. H. Mailer, ibid. 43 2549 (1921). 

2 Browning. Am. Jour. Sci. 44 331. 

1 See Albert W. Hull paper read before the American Physical Society at 
■Washington; note Chem. and Met. Eng. 36 1024 (1922), 

4 Bidwell, Phys. Rev. 19 447 (1922). 

* Biltz, Zeit. anorg. Chem. 72 313 (1911). 

' Catalyst, 8 No. 1, 7 (Jan. 1923) ; ibid. No. 4, 14 (Apr. 1923). 
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manic compounds the valence is 4, the stability greater, and 
the behavior more suggestive of tin and titanium. 

Hydrogen forms a gaseous hydride, GeH 4 , when germanium chloride 
is reduced by sodium amalgam or when a germanium solution is introduced 
into a Marsh generator. The mixture of hydrogen and GeH, burns with 
a reddish blue flame which deposits a mirror on a cold surface. This is 
soluble in sodium hypochlorite solution. When the gas is heated in a tube 
it decomposes, forming a deposit which is red by transmitted light and green 
by reflected light. When GeH, is bubbled through a silver nitrate solu- 
tion, silver germanide is precipitated. Concentrated nitric acid converts 
this into Ge0 2 . 

Germanium chloroform, GeHCU, is formed when hydrogen chloride 
is passed over slightly heated germanium powder. It is a vapor which 
forms a volatile, colorless liquid, by cooling with ice. On exposure to air 
it becomes turbid, due to formation of GeOCU, and it reacts with water, 
forming Ge(OH) 2 . 

Germanium tetraethyl, Ge(C 2 Hj) ( , was foretold by Mendeleeff and 
shows the ability of germanium to form volatile organo-metallic compounds. 
It is formed by the reaction of germanic chloride and zinc ethyl in an atmos* 
phere of carbon dioxide. It is a colorless liquid with a boiling point of 
160°. It is lighter than water with which it does not mix. The 
vapor bums readily, for m i n g an explosive mixture with oxygen. 

Oxygen forms two compounds with germanium. 

Germanous oxide, GeO, is a dark gray powder which is obtained by heat- 
ing Ge(OH) 2 in an inert atmosphere or by reducing Ge0 2 with germanium 
or magnesium. It is volatile and dissolves in hydrochloric acid. 

Germanous hydroxide, Ge (OH) 2 , is precipitated when an alkali is added 
to a solution of germanous chloride. It is soluble in excess of alkali. 
When first precipitated it is distinctly yellow in color, but on heating it 
turns red. This change is believed to indicate a tautomeric change, 

Ge<^Qjj^IO = Ge<^*^- The latter is a germanium analogue of formic 

acid. This view is strengthened by the fact that germanium chloroform 
is hydrolyzed, giving germanous hydroxide : HGeCla + 2 HOH = 

HGeOOH + 3 HC1. It has been shown 1 that certain metallic hydroxides 
behave as feeble acids and that the order of increasing strength as acids 
is zinc, beryllium, lead, stannous and germanous hydroxides. In the 
acidic compounds of the last three, the elements become quadrivalent 
By studying the electrical conductivities and the rate of hydrolysis of 
ethyl acetate, it appears that germanous hydroxide is slightly weaker as 
an acid than acetic acid. 

Germanic oxide, Ge0 2 , is prepared by direct union of the elements, 
by igniting the sulfide or oxidizing it with nitric or sulf uric acid, or by adding 
acids to dilute alkaline solutions of germanium salts. It is a dense white 
powder, which melts to a clear liquid, but is not volatile at 1025°. It is 
sparingly soluble in water, forming an acid solution, from which it crystal- 
* Hantzsch, Zeit. anorg. Chem. 30 289 ( 1902 ). 
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Uni'S i ii si (ml I rhiuithir crystals. 1 1 dissolves with some difficulty in acids, 
furuiiog fit • run i n ic sn list, and in alkalies, farming germanates. Neither 
UrttlU }« mtr ( !c<>(< 111)-, is known. 

Fltinrim: fiirms lmth (>vi\ and ( l.lie farmer liy reduction of KjGcFe 
wiili hydrofoil mid the latter ns the t.rihydrate, when a, solution of GeCh 
in UK is I'Viifinriih'd aver sulfurin arid. Gek, • '.1 II 2 0 forms hygroscopic 
crystals, cosily snluhli'in water, lint it. in somewhat hydrolyzed. 

Huiigeniiriiiti' lift'd, llttGel'i, is furniod hy passing tho vapor of OeF, 
into wit l cr. if K<lll is added tu the stilution, potassium fluugcrmanate, 
Kjf l'«. is funned. When KOI and HF are jultled to a solution of GeCU, 
it cli.'ir.'ii'trri.uir gelatinous precipitate* <if K 2 GeF e is produced. On 
standing the |iri‘ii|iitn tc Ins-times crystalline, isomorphous with ammonium 
fit tnsi licit te. 

(‘hlurinf forms Od *1 2 . GnC U<, and GeOCI 2 . 

fieruiuti'ius chloride is made hy pausing hydrogen chloride ever heated 
GeX It is it i-nliirli'KH liijitid, whieh fumes in moist air ttnd is completely 
hydnilytii'd hy wider, ft is solithlc in concentrated hydrochloric acid, its 
solution acting ns it powerful redlining agent. 

Gcniianif chloride, GeC'h, is projinrcd lay Imrning the metal inehlorino,’ 
or hy heating I he nictnl nr its disulfide witli mercuric chloride. It is a 
thin eidorlexu lii|tiid which fumes in midst air and emits a crackling sound 
when mixed with water. It. melts at. -49.5° and has a specific gravity of 
I.H74, It docs nut react, with 1 IjSt ) 4 ; it is slowly decomposed by nitric 
neid and rcactH vigorously with umitmnia ttnd the alkalies. 

Oi'mmiiium oxychloride, GeOOls, is prepared hy oxidation of germanium 
rhlnrofuriii l*v worming thv latter or hulihling air tlirough it. It is acolor- 
less it dy liquid which «htos nut fume in the air. 

firemiim * n«'l Uxliue unite directly with germanium, forming CeBr,,’ 
and (lei,, 1 which resemble the corresponding chloride. 

Xn/Jitr ft iriiis < li 'K and GeBj, 

Ctenii/uKfliK sninde. C»i*S, is prepared hy heating GeSj with the metallic 
germanium irutri inert atmosphere, or hy partially reducing Co*S 2 in hydro* 
gen. ( <i'M may Is* precipitated hy adding II jS to a germanoun solution. 
The precipitated form is a dark rod amorphous powder, and that prepared 
in the dry way forms tnetaUie-louking crystals, dark gray in color by 
reflected light and red by transmitted light. It may be molted and vapor* 
iwd without I. elect tinpnmt ion, suit is the most definite gernianous compound. 
It is slightly wilt title in water, and dissolves in aeiils, alkalies, and yellow 
ammonium sulfide, farming wi 111 the latter a characteristic sulfo-salt of 
GeS|. 

Germanic sulfide, fkiSs, occurs in nature and is prepared hy adding 
HjS to a solution of a gerrnanic salt or hy acidifying a solution of GeS 
in ammonium sulfide, For tho latter an excess of strong mineral neiil is 
necessary because the sulfo-oeid is quite stable, GeS»is a white powder 

* IViiois ntid H unci', Jour. Am. Chem, floe. 44 299 (1922). 

* Dennis awl Hanoc, lor., tit. 

* Dennis and Ilancc, Jour. Am. Chem. 8oc. 44 2854 (1922), 
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which does not mix readily with water. It dissolves slightly in water, 
but the solution evolves HoS because of the hydrolysis which takes place. 

Detection. — Germanium compounds give characteristic blue and 
violet lines in the spark spectrum; the blue line X 4686 is especially 
characteristic. 1 

Germanous solutions are identified by the precipitation (1) of the yellow 
hydroxide with alkalies, (2) of brown GeS with H 2 S, (3) of the white 
ferrocyanide with K 4 Fe(CN) 6 . They also reduce chromate and per- 
manganate solutions and precipitate metallic gold from the chloride. 

Germanic solutions are characterized by the formation with HjS of a 
white sulfide, GeSo, soluble in a mm onium sulfide, also by the formation of a 
gelatinous precipitate, K 2 GeFu, when KC1 and HF are added to GeF,. 
This precipitate becomes crystalline on standing. The hydrated dioxide 
is partially precipitated by ammonia, ammonium carbonate, and sodium 
carbonate. The fixed alkalies produce no precipitate because of the ready 
formation of the germanates. 

Estimation. — For the quantitative determination of germanium the 
element is usually precipitated as GeS 2 and weighed as such or converted 
to GeOo by nitric acid and then weighed. 2 Magnesia mixture precipitates 
Mg 2 GeO<, which may be filtered, ignited, and weighed as the ortho- 
germanate. 3 

1 Jacob Papish, Chem. News. 124 3 (1922). 

2 Dennis and Papish, Jour. Am. Chem. Soc. 43 2131 (1921). 

3 M tiller, Jour. Am. Chem. Soc. 44 2493 (1922). 
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GROUP V — VANADIUM 

The elements of Group V are easily divided into two families, 
vanadium, columbium, and tantalum making up Division A, 
and phosphorus, arsenic, antimony, and bismuth comprising 
Division B. Nitrogen is an introductory element which re- 
sembles both divisions in some ways, but differs from each in 
other characteristics. These two sub-groups resemble each 
other in many respects, especially in their chemical properties. 
All the elements of the group form an oxide, M 2 Oe, which is 
strongly acidic in the case of elements of low atomic weight but 
with decreasing acidity as atomic weight increases, until Bi 2 Os 
can scarcely be called acidic at all. All the elements of the 
group form two definite series of compounds, one trivalent and 
the other pentavalent. Valences of 2 and 4 are also common, 
This group is especially characterized by the large number of 
oxides and halides which its members form. 

Members of the two divisions have much greater differences 
than are shown by the two divisions of Group IV. Thus if we 
consider nitrogen as an introductory element, we find that phos- 
phorus, arsenic, antimony, and bismuth are easily reduced from 
their oxides, melt at relatively low temperatures, and vaporize 
easily. Phosphorus has the characteristics of a non-metal, but 
metallic properties increase with increasing atomic weight, bis- 
muth presenting fairly typical metallic properties. All the 
members of this division form organo-metallic derivatives and 
all except bismuth form very characteristic volatile hydrogen 
compounds. All the members of Division B are well-known 
chemical elements which have found numerous applications in 
the industries. 

In contrast to these characteristics the three members of 
Division A are extremely difficult to reduce from their oxides 
and have high melting and boiling points. They are all typi- 
cally metallic in appearance and general behavior. Vanadium 
is less basic than columbium and tantalum, as is to be expected, 
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but there is not a regular increase of basicity with increased 
atomic weight. Considering that columbium forms o.xy-sults 
more readily than dons tantalum and that 
tantalum halides art* completely hydrolyzed 
while the cohunhiuiu compounds tire hydro- 
lyzed only to the oxy-salts, it appears that 
tantalum in some respects is suiiuavhat less 
metallic, than eoluntliium. These three ele- 
ments do nut form volatile compounds with 
hydrogen. AH members nf Division B may 
be considered r.are, at least in tin* sense that- 
they have only recently come to attract the 
attention of chemists. 

The relationship between tbe members of 
the two divisions is shown in Fig. 12. The 
blank spaces billowing enlumhmm and anti- 
mony may possibly represent elements not 
yet discovered, but. the proximity of tbe rare 
earth group makes it seem probable tlurt t hose 
spaces do not represent missing chemical in- 
dividuals. The close resemblance between eolmubium and tan- 
talum is hardly suggestive of a missing intermediate element, 
while there is greater reason for exacting an element, to fall 
between antimony and bismuth. 

The physical properties of the members of Division A are 
shown in Table XXX. 



Fig. 12 


Table XXX 


Physical Properties of the Vantuliam Family 



VanaWum 


TA.NTAr.0M 1 

Atomic Weight .... 

■ 

03.1 

1X1. .1 

Color 


Steel-gray 

Iron-gray 

Specific Gravity .... 

1 

7.0fi 

8.0 

Atomic Volume .... 

1 

13.3 

23.0 

Melting Point 

1720° 

mm 

About 

2010° 


1 For additional properties of tantalum see table by C. W. Bailee, Chem. and 
Met. Eng. 27 1273 (1922). 
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Vanadium 

Historical. — In 1801 Del Rio announced the discovery of a new metal 
which he had found in a certain lead ore from Zimapan, Mexico. He sug- 
gested the name erythronium, meaning red, because its salts became red 
when heated with acids. In 1805 Collet>Deseotils concluded that this 
new metal was an impure oxide of chromium and Del Rio accepted this 
conclusion. But in 1830 Sefstrom found a new metal in a Swedish iron 
ore, which he proposed to call vanadium after the name Vanadis, the Scan* 
dinavian goddess more frequently known as Freya. During the same year 
Wohler showed that Del Rio’s erythronium was a new element identical 
with vanadium and that the Mexican ore was a lead salt of this element. 
Berzelius took over Sef Strom’s material, and in 1831 published the results 
of his extensive investigation. He concluded that vanadium belonged in 
the group with chromium and molybdenum because of its acidic trioxide. 
This view was accepted till 1867, when Roscoe showed that the element 
belongs with phosphorus and arsenic, that the volatile chloride contains 
oxygen and is analogous to POCls, and that Berzelius’ metal was either 
the oxide VO or the nitride, depending on the method of preparation. 

Occurrence, 1 — Although commercial vanadium ores are found 
in only a few localities, the element is estimated to comprise 
0.017 per cent of the earth’s crust and is known in a large num- 
ber of rare minerals. It is generally present as a vanadate, though 
in some important minerals it is found as silicate, sulfide, or 
oxide. The more important minerals are : — 

Vanadinite, 3 Pb 3 (VO<) 2 • PbCl 2 or (PbCl)Pb 4 (V0 4 ) 3 , is the 
mineral from which Del Rio first obtained vanadium material. 
It contains from 8 to 21 per cent V 2 0 6 , varies in color from deep 
ruby red to a straw yellow, and is found in Mexico, Urals, 
Sweden, Argentina, and abundantly in the mining regions of 
Arizona and New Mexico. 

Descloizite, 4 (PbZn)O • V 2 Os • H 2 0, contains 20-22 per cent 
V 2 0 6 , cherry red to reddish brown, found in New Mexico and 
Arizona. 

Carnotite is a potassium uranyl vanadate for which the for- 
mula K 2 0 • 2 U0 3 • V 2 0 6 • 8 H 2 0 is frequently given. The ore, 
however, varies materially from this composition. It con- 
tains 19 or 20 per cent V 2 0 6 and is valuable for both vanadium 
and uranium, as well as radium. It occurs extensively in Para- 
dox Valley, Colorado, and in Utah, South Australia, Portugal, etc, 

Roscoelite is a silicate of doubtful formula, probably a mus- 

* W. F. Hillebrand, Jour. Am. Chem. Soc. 29 1019 (1907) and Eng. and Min. 
Jour. 93 1093 (1912) r 
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covite mica in which a part of the aluminium in replaced by 
vanadium. It is found in San Miguel County, Colorado, and 
is the most important simple vanadium ore in the United States. 

Patronite is a sulfide of vanadium as associated with pyrito 
and a carbonaceous substance which contains much free sulfite. 
It varies widely in composition, but a typical analysis gives vana- 
dium sulfide 35 per cent, iron pyrite 5 per cent, free sulfur 35 per 
cent, and silica 15 per cent, with small amounts of molybdenum, 
nickel, aluminium, calcium, etc. It is found in the Andes 
Mountains, especially in Peru. 

Asphaltite is an extremely soft, friahlo deposit of low specific 
gravity, containing 80 per cent hydrocarbons, but yielding an 
ash which contains from 5 to 50 per cent V •/)(,. It is found near 
Page, Oklahoma, and Palisade, Nevada, but the main deposit 
is in Peru. 

In addition to these commercial ores, vanailiimi is found iiernsiamtlly 
as vanadic ocher, V 2 06, bismuth ocher containing 1-2!) pur mil, V 2 (b, and 
many others, still more rare. It is almost always present in rutile, wlueh 
may owe its color to the vanadium rather than to tint iron content Traces 
have been found in eertain copper and iron ores, in many clays, especially 
fire days, in trap and basalt, and in eertain coal deposits. Tim ash front art 
Oklahoma coal shows varying amounts of viinailiam, sometimes running 
as high as 34.5 per cent V 2 0 6 . Ash from sonto Peru awl Argentine nails 
may contain as much as 38 per cent V 2 O s . Vanadium lias recently 1 icon 
found in the blood of certain fish, whom it evidnutly replaces iron. A 
brown spotted holothurian, Sticopus niobii, froin tho Tort.ugas, showed 
0.0247 g. of vanadium in 20 g. of the dried animal Ixtdy. 1 Two other 
species of holothurians showed no vanadium, but this element bus lieen 
detected in the blood cells of certain ascidia taken from the liny nf Naples, 

The world’s most important vanadium supply comes from 
Peru, which formerly supplied 70 per cent of the world's vana- 
dium. 2 The raw ore averages 20-25 j>er cent V s O», hut before 
shipment this is increased to 35-40 per cent by calcination. 
Occasionally small quantities will run as high as 50 per cent. 
The mines are high in the mountains, being al>out 15,000 feet 
above sea level. Transportation was formerly by llamas and 
boat, but recently a system of motor trucks and a narrow-gauge 
railroad has been provided. The annual shipments have shown 
considerable fluctuation due to exhaustion of some of the rich- 

1 Am. Jour. Sd. 46 473. 

1 See Hewett, Trans. Am. Inst. Min. Eng. 40 291 (1909) ; Hillebrand, Jour, 
Am. Chem. Soe. 39 1019 (1907) Wilson, Chem. and Met . Eng. S» 899 (1922). 
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ost. deposits of patronite, as well as difficulties of transportation. 
IV.ru in 1910 supplied GO per cent of the world’s vanadium, 
nearly Jill of which was shipped to the United States. The larg- 
est domestic deposits are in San Miguel County, southwestern 
Colorado, about, .'!(> per cent of the world’s vanadium coming 
from Vanadium, Colorado. These deposits are mainly roscoe- 
lite with a little caruotitc, averaging 1.5 per cent V 2 OG, but the 
deposits an* largo and easily worked. 1 At Cutter, New Mexico, 
there arc vein deposits of vanadinite, but the ore is a difficult 
one to work. Small amounts of vanadium are obtained from 
the slags of certain iron ores, especially Swedish magnetite. 2 

Previous to 1006 Spain was the greatest producer of vana- 
dium. The deposits are vanadinite in sandstone, containing 
an average of 6 per cent. V/U, which is raised to 14 per cent 
by concentration. Other deposits arc found in Mexico, Argen- 
tine, Ungland, Sweden, Russia, and Germany. 

Extraction.’'* — The method used in extracting vanadium 
from its ores varies widely with the nature and richness of the 
ore and the value of the by-products. The difficulties encoun- 
tered are mainly in connection with the purification of vana- 
dium from uranium, aluminium, iron, and silica. It is probable 
that no two mills use exactly the same process. In general 
the methods 4 use (1) an acid method, producing soluble vana- 
dyl compounds ; or (2) an alkali method, producing soluble 
alkali vanadates. The following outline methods illustrate 
the general principles employed : — 

(1) The Koenig process consists in treating the crushed 
ore with a 20 per cent solution of sulfuric or hydrochloric acid 
at. n temperature of 200° and a pressure of 225 pounds per square 
inch. After several hours the liquid is filtered, evaporated, 
and the salts ignited to expel excess acid, then roasted with 
sodium carbonate. The mass is leached with boiling water, 
and carl sin dioxide bubbled in to precipitate alumina. This 
method is recommended for roscoelite and vanadium-bearing 
sandstone. 

(2) The Fleck process, which may be used upon carnotite 

* St* U. a Her. of Minnx, Hull. 70, p. 51. 

* KjollberR, Jumkontoreta Annalen (1921), p. 147. 

»H«e Bull. 104, If. a Bur. of Minos; Bloockor, Chem. and Met. Eng. 11 501 
(1011). 

* See Bull. 104, U. S. Bur. of Mine*. 
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ores, consists in treating the finely ground ore with dilute sul- 
furic acid. The iron and vanadium present in the solution are 
reduced by sulfur dioxide, then sufficient powdered limestone 
added to precipitate the calcium. Next the uranium and vana- 
dium are precipitated by boiling the solution with more lime- 
stone. 

(3) The U. S. Bureau of Mines nitric acid method of treating 
camotite is outlined in the diagram, Fig. 13. This method is 


Ore heated with nitric acid 


Residue Acid solution 

(discarded) Nearly neutralize ; add BaCl 2 + H 2 SO< 


Precipitate : Radium-Barium Sulfate Solution, boil with excess Na 2 COa 


Reduce 

with 

Carbon 


Radium- 

Barium 

Sulfide 


Chlorides 
(or Bromides) 

Fractional 

Crystallization 


Precipitate : Iron, Calcium 
Aluminium (discarded) 


! 

Sodium-Uranium Car* 
bonatc 

Sodium Vanadate 
Partly neutralize with HNOa ; 
add NaOH I 


Sodium Uranate 
Contains 7-8 per cent V 2 0 6 


Solution neutralized 
with HNOs; add FeSO, 


Ferrous Vanadate 


Solution evaporated 


Sodium Nitrate 


Radium Barium Nitric Acid 

Chloride Chloride 


Fig. 13 


said to extract as much as 90 per cent of the radium and nearly 
all of the uranium, but some vanadium is left in the residues, es- 
pecially if roscoelite and similar, vanadium ores are present in 
the carnotite. This method is especially recommended on 
account of the high recovery of radium. Its cost is greatly 
reduced by the fact that enough nitric acid is recovered to dis- 
integrate the ore, but in spite of this saving it is relatively ex- 
pensive. 

(4) For vanadinite ores experimental work done at the 
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Bureau of Mines 1 shows that an efficient method of extracting 
the valuable constituents is as follows : flux the ore with soda 
ash, when the lead is recovered as a metal ; from the slag vana- 
dium and molybdenum are extracted with water and calcium 
vanadate precipitated with slacked lime, while the molybdenum 
remains in solution. Vanadinite ores may also be ground and 
extracted with sodium sulfide, when lead sulfide precipitates and 
sodium vanadate dissolves, free from sulfides. By adding 
NH 4 C1 a precipitate of (NH 4 ) 3 V0 4 is formed, or after purifi- 
cation Fe 3 (V0 4 ) 2 is precipitated by adding FeS0 4 , or V2O5 is 
precipitated by acidification. 

(5) From the cupro-descloizite of Brisbee, Arizona, vanadium 
may be extracted by the sulfuric acid leach, but a better method 
is a combination of nitrate fusion and sulfuric acid leach, 2 in 
which the cost of treatment is less than the by-products re- 
covered. 

The method formerly used by the Primos Chemical Company 
at Newmire, Colorado, depends on fusing the crushed roscoelite 
with sodium chloride. The sodium vanadate formed is dis- 
solved out and ferrous sulfate added to precipitate ferrous vana- 
date. The uranium is not recovered by this process. Other 
similar processes fuse the ore with an alkali carbonate and car- 
bon, 3 sodium nitrate, or potassium acid sulfate. 

(6) The Haynes-Engle process consists in digesting the 
coarsely ground ore with a solution of sodium carbonate until 
the uranium and vanadium are extracted. Sodium hydroxide 
is added to precipitate sodium uranate and slaked lime to pre- 
cipitate the vanadium. 

Vanadium is obtained from many of the extracts, either by 
precipitation as ferrous vanadate or calcium vanadate or by 
electrolytic deposition. If ferrous sulfate is used, it must be 
present in considerable excess in order to prevent loss of vana- 
dium. The electrolytic deposition has some advantages over 
the precipitation methods, but it does not produce a pure prod- 
uct. If ferrous vanadate is desired, a nearly neutral solution 
is used, the anode is iron and the cathode almost any metal. 
A potential difference between the electrodes of four volts is suffi- 

1 J. E. Conley, Chem. and Met. Eng. 20 514 (1919). 

2 Ibid. 20 465 (1919). 

8 Herrenschmidt Compt. rend. 139 635 (1904). 
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cient to cause the vanadium to collect around the anode. For 
the precipitation of vanadic acid a strong mineral acid may be 
added to a solution of sodium vanadate, but about 10 per cent 
of the vanadium cannot be removed in this manner. Vanadic 
acid may be obtained by heating ammonium metavanadate or 
adding hot HC1 to dry calcium vanadate. In one electrolytic 
method, vanadic acid is precipitated in a porous cell which is 
surrounded by water that has been made slightly alkaline. 
The solution is hot and contains a slight excess of sodium car- 
bonate. A platinum anode, an iron cathode, and a potential 
difference of 6 to 8 volts are used. This method yields a prod- 
uct which is 98 per cent pure. 

Metallurgy. — Metallic vanadium may be prepared in a 
number of ways. (1) By reduction of vanadium dichloride 
by pure hydrogen. This method is difficult to use because at 
red heat vanadium unites readily with oxygen and water, so 
both must be carefully excluded. (2) By making a plastic mass 
of vanadium pentoxide with carbon and paraffin, shaping into 
rods and passing the electric current through them in a vacuum. 

(3) By reduction of the pentoxide with misch metal 1 or silicon. 

(4) By reduction of the trioxide with carbon. 2 (5) By the 
thermite reduction process. 3 A product which was 99 per 
cent pure has been obtained by this method or by reduction 
with vanadium carbide. (6) By electrolysis of a solution of 
the trioxide in fused calcium vanadate. 4 The anode is made 
of carbon and the cathode is prepared by pulverizing ferro- 
vanadium and pressing the powder into a cone-shaped form, 
The current density used is 4.5 amperes per square inch of anode 
surface. 

There is relatively little interest in the production of pure 
vanadium, at least 90 per cent of the vanadium extracted being 
produced and used in the form of ferrovanadium alloys. These 
usually contain from 25 to 50 per cent vanadium and may be 
prepared by either of three methods: (1) reduction by the 
thermite process ; (2) reduction with carbon in an electric 
furnace ; and (3) several electrolytic methods. 

1 Muthmann and Weiss. Liebig Ann. 337 370 ; 366 58. 

5 Ruff and Martin, Zeit. angew. Chem. 26 49. 

* Zeit. anorg. Chem, 64 217 and 225 (1909). 

4 Gin, Electrochem. and Met. Ind. 1 264 (1909). 
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The electrolytic methods do not seem to have been very 
generally used, although the product obtained is free from 
both carbon and aluminium. Of these methods the following 
illustrate the principles used : — 

(1) Gin's electrolytic method for ferrovanadium 1 uses 
vanadic acid dissolved in a bath of fused iron fluoride and cal- 
cium carbide. The anode is a mixture of vanadic acid and 
retort carbon, and the cathode is fused steel. (2) A French 
process uses vanadic acid dissolved in calcium fluovanadate, 
and a current of 0.7 ampere per square centimeter of anode 
surface. (3) An American process electrolyzes a solution 
of vanadic acid in molten ferrosilicon. (4) Another American 
process passes an electric current through a charge made up of 
vanadium oxide and the calculated amounts of iron and carbon. 

The reduction by means of aluminium has been the main 
method of producing ferrovanadium and is especially serviceable 
for the production of a product free from carbon. The reduc- 
tion is carried out successfully in furnaces capable of producing 
125,000 pounds of alloy per run. 2 The large units used give a 
greater uniformity to the product and a much higher tempera- 
ture (2500°-2800° C.) than in small crucibles. In this way a 
fluid slag is produced and the separation of the metal is more 
complete. Not all of the vanadium is extracted by the thermit 
method, some being left in the slag. This process is somewhat 
expensive, due not only to the cost of the aluminium but more 
especially because of loss of this element through volatilization. 

When the presence of a small amount of carbon in the ferro- 
vanadium is not objectionable, reduction by carbon in the 
electric furnace is employed. 3 The ore used may be the vana- 
date of iron or calcium or the oxides of vanadium. Roasted 
patronite is sometimes reduced directly in the electric furnace 
by the use of lime to remove the sulfur. This process is diffi- 
cult to carry out, requires an excess of carbon, and its large- 
scale operation has only recently been accomplished. A very 
high temperature must be used also and the reduction must be 
completed in a short time. But by using a high voltage, high 
current density, and close spacing of the electrodes and then 

1 Zeit. Elektrochem. 9 831 (1903). 

2 Min. Ind. 1919. 

8 Seo R. S. Anderson, Trans. Am. Electrochem- Soc., 37 277 (1920), and B. D. 
SaklatwaUa, ibid. 37 341. 
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feeding the ore directly into the heal. zone ‘ good results nrc, 
obtained. Considerable carbon is retained by (Ik; ferrovuna- 
dium, a part of which is removed by fusion with either an oxide 
of iron or an oxide of vanadium. The. final product, contains 
from 1.5 to 6 per cent «nrlx>n, which is a matter of serious con- 
sequence in the steel industry, because the. vanadium com- 
bines with the carbon, forming a stable carbide which dissolves 
in the steel without decomposition, so the beneficial influence 
of vanadium is not produced. The electric reduction takes 
place mainly at Bridge villa, Pennsylvania, where lhe. thermite 
reduction process has been in use for some time. Recently 
an electric furnace capable of producing about 7.1.000 pounds 
of alloy per month was installed for treating the slag from the 
thermite process dump. Early in 1020 production of ferro- 
vanadium in the electric furnace was begun at Ynrk, Pennsyl- 
vania. 

Several patents have been issued for the production of ferro- 
vanadiumin an electric furnace , using silicon as a reducing agent. 
The process produces a high temperature and hence is success- 
ful. The product, however, contains some, silicon. 

The vanadium industry law grown very rapidly within re- 
cent years. It is said that in 1000 the fetal ferrovanadinm 
produced did not exceed $50, 000 in value. But five years later 
it amounted to II, 500, (XX). During the World War the enormous 
demand for vanadium steel greatly stimulated production and 
the output increased at an astonishing rate. During 1020 the 
total production of the vanadium industry probably exceeded 
4,000,000 pounds 2 of V*Oi- Practically all the vanadium 
produced in the world is under the control of the Vanadium 
Corporation of America. 

During the latter part of 101H ferrovanadinm sold for 15 
per pound of contained vanadium. During 1010 the demand 
was strong, and the price rose to $7 or more per pound for 
the alloy low in both carbon and silicon. The demand was so 
strong that the alloy with a high carhon and silicon content 
sold freely, and for the first time purchasers of earnotito were 
compelled to pay for the vanadium which it. contained. During 
the latter part of 1920 the market became dull, possibly due to 

I See Pat. 1,435,742; Chum, and Mrt. ling. 37 1232 U922). 

a R. B. Moore, Ena- and Min, Jaur, 111 152 (1921;. 
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the general business depression along with the active produc- 
tion of recent months. The Chemical Products Company of 
Denver, Colorado, • who have been producing vanadium and 
radium announced the indefinite suspension of activities be- 
cause of the poor market for vanadium. 1 

Properties. — Vanadium prepared by the reduction with 
hydrogen is a light gray powder, from which a crystalline muss 
may be obtained which possesses a brilliant silver-white luster. 
The metal takes a splendid polish, which is not tarnished by 
exposure to air. It has a specific gravity of 5.68 and is harder 
than steel or quartz. It may be heated in hydrogen to redness 
without fusing or vaporizing. It is non-magnetic. When the 
compact form of the metal is heated in the air it is oxidized, 
•showing various colors as the oxidation progresses: brown 
(V,0), gray (V 2 0 2 ), black (V 2 0 3 ), blue (V 2 0 4 ), and red (V 2 0 5 ). 
When the powdered metal is thrown into a flame or heated in 
oxygen it burns with brilliant scintillations. When heated 
in an atmosphere of chlorine it combines directly with it, form- 
ing VC1 4 ; at high temperatures it also combines directly with 
nitrogen, forming VN, and with carbon, probably forming VC. 
It is not soluble in hydrochloric acid nor in dilute sulfuric acid, 
but dissolves in nitric, hydrofluoric, and strong sulfuric acids. 
Solutions of the alkalies have little effect upon it, but with 
fused alkaline reagents it reacts readily, forming water-soluble 
vanadates and liberating hydrogen. 

It. alloys with iron and aluminium. 

Uses. — The greatest uses of vanadium are in connection 
with the preparation of special grades of steel. The effect of 
adding vanadium is twofold : (1) it acts as a scavenger, being 
especially efficient for the removal of nitrogen and oxygen ; 
(2) a small per cent remains in the steel, passing into solid solu* 
tion in the ferrite, making the metal more coherent and impart- 
ing increased toughness and tensile strength. 

As a scavenger its efficiency depends upon its ability to unite 
with nitrides and oxides and carry them into the slag. It is 
more efficient for this purpose than ferrosilicon and ferroman- 
ganese. Consequently it is added after these alloys have pro* 
duced the best results of which they are capable. Vanadium 
has accomplished surprising results in improving the quality 
> Chem. and Met. Eng. 24 491 (Mar. 16, 1921). 
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of crucible and open hearth steel, but it is used also for Bessemer 
and even in cast iron. It is usually added as small lumps or as 
a powder to the ladle as the steel is being drawn. Usually 
little difficulty is encountered in obtaining a satisfactory mix. 
The melting point of ferrovanadium containing 30-35 per cent 
vanadium is 1425°, but the melting point rises as the amount of 
vanadium is either increased or decreased beyond these limits. 
For use at moderate temperatures an alloy of this composition 
is preferred. The quantity added depends upon the amount 
of scavenging which it is expected to accomplish, but only a 
small amount is needed as a permanent constituent of the steel. 
For case hardening material 0.12-0.14 per cent is sufficient; 
for axles, shafts, saws, dies, etc., 0.16-0.2 per cent is used; 
springs usually require a little more ; armor plate, gun shields, 
etc., contain 0.3-0.4 per cent and high speed steel contains 
0,35-0.5 per cent. For the latter purpose as much as 2 per 
cent vanadium is sometimes used, but for general purposes the 
amount does not exceed 0.3 per cent. Vanadium steels are less 
porous, and will withstand strain, vibration, and shock very suc- 
cessfully. The effect upon high speed steel is much the same as 
chromium, since it increases the hardness and red hardness of 
the cutting edge, and imparts greater durability to the tool. 

In modern steel making, vanadium is generally used in con- 
nection with other alloying elements. Typical of these are 
the chrome-vanadium steels, which are generally made in the 
open hearth furnace, the alloying metals being added a short 
time before the casting is made. This variety of steel is used 
commonly for making automobile parts, where it is valued, not 
only on account of its toughness and strength, but because it is 
particularly free from surface imperfections. It resembles 
chrome-nickel steel in physical properties and is able to com- 
pete with the cheaper nickel because the latter acts only as an 
alloying element and not as a scavenger. 

In cast iron the amount of vanadium varies from 0.08 to 0.15 
per cent. Its function is that of a scavenger, and its beneficial 
results are almost wholly indirect. It causes a more even dis- 
tribution of the carbon, lessens porosity and brittleness, and 
checks spalling and flaking. The strength of the casting is 
increased 10-25 per cent by 0.1 per cent of vanadium. It is 
claimed that the decrease in the number of rejected castings 
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more than compensates for the increased cost of the vanadium 
treatment. 

Vanadium forms alloys with other metals, some of which 
are of considerable commercial interest. The aluminium alloys 
containing 10 per cent or less of vanadium are malleable, while 
those containing 20-25 per cent vanadium may be pulverized 
in water. The alloy of the composition A1V is the hardest one 
of the series. A copper-vanadium alloy containing 10-15 per 
cent vanadium, 60-70 per cent copper, 10-15 per cent aluminium, 
and 2-3 per cent nickel is prepared and used for the production 
of solid copper castings and bronzes and in the manufacture 
of aluminium alloys. Approximately 100 tons of cupro-vana- 
dium are sold annually to brass and bronze makers. 1 Vana- 
dium is also used to harden gold for use in dentistry. 

The compounds of vanadium find a wide variety of appli- 
cations, but none of these use more than a very small amount 
of the element. For many years vanadium salts have been 
used in photography, where they arc serviceable for the produc- 
tion of a green color on bromide prints. One plan uses a mix- 
ture of vanadium tetrachloride, oxalic acid, ferric oxalate, and 
potassium ferrieyanide. 2 A plan for using vanadium or its 
alloys in place of lead and vanadium salts in place of sulfuric 
acid in storage batteries is covered by French patent 357,601 
(1905). Writing inks are made by mixing vanadium salts 
with tincture of galls. These inks produce a deep black color, 
which is unaffected by chlorine, acids, or alkalies, but it fades 
gradually and accordingly has not won great popularity. In 
the textile industries, vanadium compounds are used as mor- 
dants in the dyeing and printing of cotton and especially in 
fixing aniline on silk. Ammonium vanadate has been used in 
the dyeing of leather. In ceramics the colored compounds are 
used to produce certain colois in both glass and pottery, while 
V 2 0 6 or HVO3 is serviceable as a gold bronze. The oxides of 
vanadium not only serve as oxidizing agents, but they are 
efficient catalysts, serviceable in the oxidation of certain organic 
compounds, 8 such as the oxidation of sugar to oxalic acid or 

1 Thomas, Raw Material , 4 107 (1921) ; also Chem. and Met. Eng. 27 1186 
(1922). 

2 L. Lumiere, Moniteur Scientifique 42 437 (1894) ; and German Pat. 216,017 
(1909); and U. S. Pat. 979,887 (1910). 

2 French Pat. 345,701 (1904) ; Jour, prakt. Chem. 76 146 (1907), 
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lift' itisnlnlih' cxifjit Ih**"*' **f ill*' 'll** * 1 1 mi-tiili Tin' <)*| «<li i v;<l*-lit ilivi«tia» 
dvl niinjniiiiids innv [«• *'tii*i’lir' ■»! s|i'fii>5itive» nf tin* n-ud*", th* must tin* 
JKirlnnt. I'ftli) Jmi|fi»ls nf tins •hiss )« Kiu ihv.nin*hl Irfrin hhiMdf, Vstl*t1) 
and divtinmlvl siilfnti', WnHn, , 

Vittiiidiiitii s>'«i|in*i\ii|i' nr trinsidi', i» fi.rm«*i| t»\ tin' rml»ii*ti*iii *•( 

Vjflj with I'lirlsiti nr |iv<ln>«*-lt It i* a hkwV )*md*-i mill wile tnctnll)** 
l>ri»|l**rti(w, It. tilkis* H( i nt' K' ll frnln tin- nr, fnrinmg V« l|, all- 1 is nsi'li K''*l 
liV eftlurine, xivinu V'tH'l, un*| \' ( 0, Tin* •H-**|in<i\id'' t» 'liffeaililv «nh 
ulili' in iii'ids, mnnilii- units Is-ma fnrtn*-*l l*v stlwr intt)n*l» Tln< l»-*t- 
ktutwn wilt, nf llu« i-hiss is tin* suit itt", wliiili h»r|if» n ttf'<in«b vt'ilet (silnsli 
alutn nml n rtthv-nsl r-nis*iiiiii nhini 

Vnnniiiutn inniwtnide, V’Otnr V,l1,i, is wit- nf tin* »ul«tstiii-s which Hi-rw*- 
Itiw mislfsik fur the eh'inetti vittmdi'im It is jir»-tKir»*<l hy th** vneirniw 
winction of V»t>»or VtKlj. It is n Ktnv ism.hr with s*.io<* nit-inlhc hist it. 
brittle, diffii-ultlv fusible, and n fturlv «•»«! mtiihtrtnf «if t-h-s tri' tty It 
burn* in the mr, fnrtimig V ,t >, and hi • hlnnit*', aivin* VcM‘1, It u* ittsnlu- 
ble in water, hot dtawilvfw in wnU yu’bliiia viu«nil«m* suit*, nf which the 
aulfate, VHO*, i» most mUTosting, It alworl* nx>K<«> m, readily that it 
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’loaches indigo as quickly as chlorine. A neutral lavender vanadious 
* c> Itition is as delicate a test for free oxygen as alkaline pyrogallate, since 

<*1 viiekly becomes dark brown because of the absorption of oxygen. The 
oxide is sufficiently stable to permit it to enter into combination as a radi- 
ca l| forming such compounds as vanadyl mono*, di-, and tri-chloride. 

V anadium suboxide, V 2 0, forms as a brown coating when metallic vana- 
‘li’.im is exposed to the air at ordinary temperatures. At higher tempera- 
tures it is transformed to the other oxides. It forms no salts. 

■Nitrogen forms two vanadium compounds, VN and VN 2 . The former 
lH the stable, metallic 'appearing powder which Berzelius sometimes ob* 
tinned when he was attempting to prepare the metal. 

fluorine forms VFa • 3 H 2 0 and VOF 2 , besides a very large number of 
donble and acid fluorides. 

Cyhlorine forms the simple chlorides, VCU, VCl >r and VC1 2 , and the 
oxyo-hlorides, VOCI,, VOa 2 , VOC1, V 2 0 2 C1 4 • 5 H 2 0, V 2 0 2 C1, and 
V 20 a Clj • 4 H 2 0. 

The tetrachloride, VC1 4 , is formed when the vapor of VOCla is mixed 
w i fch. chlorine and passed over red-hot charcoal. It is a dark reddish brown 
which fumes in moist air and is decomposed by water. It has a 
specific gravity of 1.85 and boils at 154°. At ordinary temperatures it 
slowly decomposes, yielding VCla and chlorine; this reaction proceeds 
more rapidly at the boiling temperature or in strong light. 

The trichloride, VCla, is formed by the decomposition of the tetra- 
chloride or by heating V 2 S» in chlorine. It forms pinkish, shining tablets, 
resembling CrCls in appearance, which are extremely hygroscopic. It is 
non.— volatile, but when heated with hydrogen it first loses a third of its 
chlorine, forming VC1 2 and later all, leaving the metal. It forms a hydrate 
VGlg • 6 H 2 0 and sparingly soluble double alkali chlorides, such as 
VOl * * 2 KC1 • H 2 0. 

The dichloride, vanadious chloride, VC1 2 , is made by reducing VC1 4 
with, hydrogen. It forms fine light green crystals which are exceedingly 
deliquescent and yield a lavender solution, which has marked bleach- 
ing properties and is a more powerful reducing agent than chromous 
chloride. 

Vanadyl trichloride, VOCla, is a greenish yellow mobile liquid prepared 
hy the action of chlorine on the oxides VO and V 2 0« or by reducing V 2 Oa 
in an atmosphere of chlorine. It fumes in moist air, and when a small 
amount of water is added it turns blood red due to the formation of vanadic 
nciti by hydrolysis; but on further dilution the vanadic acid dissolves, 
gi v i ng a clear yellow solution. When reduced, it yields vanadyl dichloride, 
VOCla, green tablets, deliquescent; vanadyl monochloride, VOCI, brown 
powder, insoluble in water; and di vanadyl monochloride, yellow crystal* 
lino powder. 

Bromine and iodine form compounds similar to the chlorine derivatives. 

C7cvrbon reduces V 2 Oa in the electric furnace and unites directly with 
the. metallic vanadium, forming VC, which forms very hard silvery white 
crystals. They melt at 2750° and bum in oxygen. 

Vanadium forms a number of complex cyanides and sulfocyanides such 
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heating th)' mixed sulfides in hydrogen chloride, the volatile nrseni)'. chloride 
distilling uwiiy at I Act 0 ; or In* distilling uff the nrHeuii: in u. methyl nlmlutl 
solution.' 

Vanadium may !><• .scpiinitod from iiiulylnlciuiiii mill tnnyHl.en by the 
precipitation of unimonium mi-tuvuiimlute by inkling un excess of tuti- 
lnnniooi chloride to it solution continuing an alkali vanadate., molylidate, 
mol luaKstoto. 

On oei'eiint of the Inrye number of eolorotl cimipfitutfls formed hy vtinu- 
diiiiu. a great many color tests lun'e heen suggested for the identification 
of this element. Some of these are ».s follows: — 

‘lr If vifiiudimo sullide is dissolved io . r < 100 ee, of dilute nitric acid 
ami a few drops of .'S per cent. 1 1 , ; < I , n re added, jiervautulie. aeid, IIVOi, is 
formed, ren. yni /.iil.h' In its orange to red eulor. 

f'Jt deducing agents produce a sueeessivo change in cnhirs — VjOt red, 
VO; hhje, V v O, I .luck, VO yr.iy, V gray, 

fit) Ammonium chloride added to a neutral nr alkaline solution of a 
Viinadnte precipitates \ 1 1 <V< colorless, yielding red V,Oi, on iguitiuu. 

(fj If a crystal of strychnine sulfate is lidded to a dmp of strong sulfuric, 
acid and then a drop of a vanadium solution is added, color eh any oh frntri 
violet to rose are observed. 

!?») A vanadium Isirnx Itend is colorless nr yellow (depending mi the 
amount of vanadium present ) in I lie outer tlmnc, and yre.e.u or hrnwu in 
the inner, heeiuuiny green on eooliug. 

d if A delicate reagent for detecting vanadium in small amounts is pre- 
pared hy warming fl.'J g. diphcoylamitie in ItK) ee. water. (trail and filter. 
Add 1 ee. conceal rated IK '1 and 1 ee, of this reagent, to a dilute vanadium 
solution ami shake. A violet color aj>|ieiir.s slowly, the. time retjttired mid 
the intensity >h'jH'tiding on the iuuoiint of vanadium. 5 

A liehl test, which is reliable for almost all vanadium mi) lends is the 
development of a rich red soli tin m when treated with eonceut.rateil hydro- 
chloric acid. In ease of tie- silicate ores the color develops slowly nr on 
warming. On careful dilution » green color apjieurs for a short time. If 
the solutions are not too dilute hydrogen jHTuxido causes the color to rnup- 
pear. 

Estimation. 1 * * The <ji i anti tali ve deter niinut.imi of vmiadium is etilti- 
plicuP'il, the procedure used de|M-n)liliK largely fin the mtiuimt. anti nature 
of the uceompatiying sulmtauees, The following brief outlines am sugges- 
tive : - 

(•nivimeirienHv, vaundiimi is nsimlly weighed us the pentuxide, This 
may Is' obtained liy ignit ing t lie ummunilim mctnvimndiito, or mercury VMiu- 
date. or vamwlie neiil, ( "njifemm is u [xipular and efliciont precipitant. 4 

i Moser » 0 fl Khrllch, /hr, 88 B WO ft 022). 

* dnlifc* nor, quitn, ArgnUinn, 8 IH.1 ftUt7), 

* Hoc Holt, 70, 15, H. Cleat. Hurv., ji. WO; W. V, fUeoekiir, Cbm, and Met ling, 
9 309 ftUll); W. W. Clarke, Cbm, «nd Mil. 11 Ot (tttltt); J, Kent Hoiitti, 
Hug, and Min. Ivor, 93 tOOl ft till!) : Misson, thill, hoc. chim, tlrlg, 31 IZS 
(022); Hrhsal, Jour. J ml ond ting, Cbm, 13 <HlH (11121 1 . 

* Am, Jour, fid. 41 Will; Jnnr. hid. and ting, ('torn, 13 .'Jfltl ( iU20). 
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GROUP V — COLUMBIUM AND TANTALUM 

Historical. — In 1801, an English chemist, Hatchett, studied a black 
mineral which had found its way from the Conncctie.ut valley to the British 
Museum. The mineral was found to be eomposed largely of iron, but it 
contained a small per cent of another element which possessed new proper- 
ties. It was described as forming " a white tasteless earth, insoluble in 
hot and cold water, acid to litmus, infusible before the blowpipe, and not 
dissolved by borax.” Hatchett believed he had discovered a new element 
and suggested the name columbiutn, since the mineral from which it 
was extracted came from America. 

In 1802, Ekeberg, in Sweden, studied a mineral from Finland and found 
in it an element which resembled tin, tungsten, and titanium, but differed 
essentially from each. He proposed the name tantalum for the new 
element, because its characteristic insolubility in acids suggested the famil- 
iar Greek myth regarding Tantalus, since the substance *' when placed in 
the midst of acids is incapable of taking any of them up.” 

The similarity shown by Hatchett’s columbium and Elceberg’s tanta* 
lum attracted attention, and in 1809 Wollaston attempted to prove ’ that 
the two elements were identical. He prepared a list of similar properties 
shown by the acids of the elements, and claimed that the greatest difference 
was the specific gravity of the minerals — tantalite having a specific gravity 
of 7.95 and columbite 5.91. This difference he explained as due either to 
different conditions of oxidation or to different states of molecular struct 
ture. His deductions were accepted, and for many years the *' element " 
was called either tantalum or columbium. 

In 1839, Wohler showed l 2 that the acid obtained from Bavarian tantalite 
had strange properties. In 1844, Rose concluded 3 that certain columbites 
yielded two distinct acids, one of which resembled the acid prepared from 
tantalite and another which differed in properties. He considered the 
latter a new element and suggested the name niobium from Niobe, 
daughter of Tantalus. The individuality of the two elements was gradu> 
ally developed by Hermann, Blomstrand, and Marignac, but the final step 
in the proof came in 1865 when Deville and Troost determined 4 the for* 
mulas of certain columbium and tantalum compounds by vapor density 
methods. Columbium and niobium were found to be the same element. 
The name niobium is commonly used in Germany, but in England and 

l Phil. Tram. 92 49 (1802). 

* Pogg. Ann. 43 91 (1839). 

’Ibid. 63 307, 693 (1844) ; also 69 118 (1846). 

4 Compt. rend. 60 1221 (1865). 
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10 per cent. Tantalum ores are also found in Finland, Sweden, 
Norway, Russia, Bavaria, Italy, and Malay; also, in Maine, 
Massachusetts, New York, Pennsylvania, Virginia, North 
Carolina, Colorado, and California. The demand for tantalum 
is relatively slight and irregular, so most of these deposits are 
undeveloped. The production from all sources is subject to 
great fluctuation. In 1907, Australia produced ore valued 
at £327, but in the years 1910-13 no production is recorded. 
The amount produced in the United States is so small that it 
is not reported among other mineral resources of the country. 

The price of tantalite quoted in March, 1917, was $250 per 
ton of ore guaranteed to contain at least 35 per cent of combined 
columbic and tantalic oxides. Material containing 65 per cent 
Ta 2 0 6 was quoted at $15 per unit, which is equivalent to 
$975 per ton. 

Extraction. 1 — Columbium and tantalum are extracted from 
their ores by fusion methods, since their salts are characterized 
by insolubility in acids. Hydrofluoric acid is used as a solvent 
for these elements in a few special cases. The following methods 
have been used : — 

(a) A high-grade ore containing little titanium is fused in a 
nickel or silver crucible with six times its weight of KOH. After 
cooling, the melt is dissolved in water, HC1 is added, and the 
extract boiled for 20 minutes. The oxides of columbium and 
tantalum, mixed with varying amounts of tungsten, tin, and 
silica are filtered off and purified. 

(5) Bisulfate fusion in a platinum or quartz crucible is recom- 
mended for minerals containing a small amount of columbium 
and tantalum, especially the complex minerals such as the 
titanocolumbates and -tantalates. The mineral is added to 10 
times its weight of NaHS0 4 and fusion continued until dis- 
integration is complete. After cooling, the cake is extracted 
with a large volume of acidulated water, and the residue digested 
with ammonium sulfide to remove tin and tungsten. To re- 
move silica and titanic acid evaporate with HF and H2SO4, 
pour the mass into water, nearly neutralize with ammonia, and 
boil 3-4 hours with salicylic acid. The precipitate is fairly 
pure CbzOs and Ta 2 05 - 

1 See Schoeller and Powell, Analysis of Minerals and Ores of the Rarer Ele‘ 
merits, p. 138. 
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O') Fusion will) t hree part* » >f ]ttttns>istlii ll*l» »ri»|t* ipiidilV 
disintegrates the lini-lv » ij <irmd tie* melt, c\» 

trnet with water roniainuig HI , and evaj*»r;«ie, K Ta| >• rn>- 
tnllizcH first id tine needle- and »»r» further -jit ration 
2 KK (’IiOI',t lI/> rry.-taHize> in I ni**' li d 

(</) Fusion with N.'M ). is ejfertivc and rapid. The method 
in similar tci (it). 

(r) Fusion with is similar in *i . I*#»t the silt i- 1cm 

fusible and mi the method is accordingly le-.s convenient. 

Separation. < 'nlumhiuiu and tantalum I » v almost 

liny method may contain Midi impurities tui, * ungstrii, 
silica, titanium, zirconium, <>r ant uu* «u> . 

Tin or antimony may !»• removed 1 iy #|*t»»*yt jins the precipi- 
tated acids with yellow aminotmim snlhd*\ 

Tungsten in extracted hy dmcMbw with dilute amin'inin or 
ammonium carhmmte ; <»r hy dmeMmg with warm mu* per rent 
NnOll mifl Isiiling with an exee*.** of Nil «X t > a . 

Hilica is removed with II F ami 1 1 >'t 

TitiUiiliiii limy In' separated iptaut datively hy adding an 
excess of salicylic neiil #nd Uulmg m a r* l!ux condenser fur it J 
hours. Tin* titanium i** fonti'I in the yellow tilt rate from which 
it iiory Is* precipitated hy munmuia. 

Zirconium is separated hy fusion with bisulfide, the mdt 
being extract ed with dilute sulfuric m id. ‘The xireuumin sul- 
fate. dissolves , 

The sejniratinn of cohimhiutn and tantalum from endt other 
can iiest he iimunplishcd hy fractional cry* 1 a Illicit inti, Tht* 
original methcsl of Marianne ' eon«istial m adding to the mixed 
fluorides enough KF to form the d*<uhh' salts. The solution 
is then evajiomted partly, and on cooling needledtkc crystals 
of K a TnF T separate out. On further eviijionition broad plates 
of 2 KF‘0h0F»dl;0 an* ilejsisilml. l’ot ass turn tluotantnlatn 
is snluhh* in 131 157 parts of «*n!rl water, and jHrttuwiutn rolmn- 
hium oxy-flttoride is so hi hie in 12 I'd parts of cold water. Four 
nr five precipitations with KF will yield jam* KjTaFj it neon- 
tiuninated hy eoliirnbimii. 

After tlie first crystals of K/l’aFj hnve separated out, it is 
customary to evafsimte the remaining solution to dryness, and 
ignite for several hours at n low temjwraturc, I » this way the 

1 Ann, Ckim. Phif*. 8 5, UWWi). 
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remaining tantalum is reudnresl insoluble. The ignited residue; 
in me listened with strong hydrofluoric acid, taken nj) with water, 
and the i mu •ess rr|M*:itcd until Lint, alum is all removed. This 
method is useful for removing a small amount of tantalum from 
eolumltinm material, 

A modifirnl ion 1 of Marignae's met hod adds a saturated solu- 
tion of KCl in place. of Kl»', the separation lie.ing aonompli.shed 
in the same* manner. 

Iron ami mangaiii-se form e;ompotinds whieh are isomnrphnus 
with K»Tu 1*7 and are* tlie-refori! not rnmoveil by Marignae's 
ini'thnel. ( >ne* met hod of separating those elements is to ilnnom- 
piise the' fluorides with e , eineentrateel Ilf “1 , add III 1 ', and then 
NlIiF whem llw manganese' and iron sire* preeipitateel. 

A mixture of the oxides of eolumhiuiii anil tantalum may he 
si'paraled l>y digesting with a I : I mixture of selenium ox.ye.lilo- 
riele? and concent raled Kulfurie ac.iel. The I'.olombium elissolves, 
leaving the 1 tantalum uimflWtcd. This tmatmeiit, may he made 
quantitative hy rc| mating the proi'nss several times, lmt if 
titanium is |ire*se*iit it. is extmeted along with tlio columluum. 3 

Metallurgy. ( ‘iilinnhiiim may hi; prepared in the metallic 
state; in several ways : 

(1) Hhanslranel first prepared the metal' 1 in ISflfi hy the 
reiluetion of the 1 chloride with hydrogen. A mirror-likn deposit 
whieh elouhtli'SH contains the hydride forms in the tulie. 

(2) Somewhat more pure eolumhium may he obtained by 
passing a mixture of (‘h(’h viqtor anil hyilrognn through a hot 
tula*. 

hlj Reduction hy the thermit process yielels a product con- 
taining about three j>er cent aluminium, lmt this metal may ho 
removes! by hunt ing the alloy in varan,* 

(4) Klertvolysis nf a solution of |H>tnssium flnoxy-eolumhate, 

(5) Reduction of the nxiele; with miscli metal. 

(ft) A mixture of C *I>() 3 and parafliu may he pressed into 
threads and reelueed hy the heating effect of an alternate cur- 
rent. in a vacuum. 

Tantalum was first prepared hy Berzelius and Hose, who 
hoated potassium flnotantalate in a crucible with metallic potas- 

< MitlmlnTK and Wlnwr, 7a ', t, angiie, Chcm . 98 187 (1013). 

* H. B. Merrill, Jwir, Am. Chrm, Hnc. 43 3378 (1021). 

tjoar. pr. r'ht m . 97 37 (IHlIfl). 

‘Vein Bolton. Ziit, Bkkintchmn. 18 148 (1007). 
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sium and washed out the potassium fluoride with water and 
nitric acid. Recently a similar method has been proposed by 
which sodium fluotantalate is reduced with sodium . 1 

Moissan 2 reduced Ta 20 5 with carbon in an electric furnace, 
but the product contained both oxide and carbide. The oxide 
has also been reduced with misch metal and by molding into 
rods with paraffin and heating in a vacuum by an alternating 
current. 

An English patent (1906) describes the production of pure 
tantalum by electrolysis of fused K 2 TaF 7 in a refractory crucible 
of magnesium oxide or tantalum oxide, using pure tantalum 
metal as cathode and the impure metal as anode. A French 
patent (1907) claims that very pure tantalum may be prepared 
by electrolysis of tantalum material in a 3 per cent solution of 
H 2 SO 4 . The electrodes are platinum or carbon and a current of 
0. 1-0.3 ampere at two volts is required. 

All of these methods produce a relatively impure metal, 
usually in powder form, which may be purified by thorough ex- 
traction with water and strong acids. The powder may then 
be pressed into bars, subjected to heat treatment and final fusion 
in a vacuum furnace. The high temperature required for fusion 
aids in eliminating any residual impurities. The metal is now 
prepared in commercial quantities with a purity of at least 
99.5 per cent . 3 

Properties. — Metallic columbium has a steel-gray color and 
a brilliant metallic luster. Its hardness compares with that 
of wrought iron, but it is lighter in weight, more easily fusible, 
and softer than tantalum. It is malleable, ductile, and it can 
be welded at red heat. In the powder form columbium oxidizes 
rapidly in the air, but the compact form is more resistant, prob- 
ably due to the formation of a protective coating of oxide. 
When heated in the air it combines slowly with oxygen, forming 
Cb 2 0 4 . It combines with hydrogen, forming CbH, a metallic- 
appearing solid which resists the action of acids, but bums in 
the air. At 1200° it combines with nitrogen and with chlorine 
at red heat. It is unattacked by hydrochloric or nitric acids 
or by a mixture of the two ; hydrofluoric acid dissolves it to 
some extent ; a mixture of nitric and hydrofluoric acids is a fairly 

1 Mining Jour. 80 363 (1906). s Compt. rend. 134 211 (1902). 

8 C. W. Balke, Chem. and Met. Eng, 27 1271 (1922). 
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good solvent, and it reacts readily with fused alkalies and fused 
oxidizing agents. 

Tantalum resembles platinum in appearance, being somewhat 
darker in color. Its melting point 1 is the highest of any metal 
except tungsten. The worked metal has a specific gravity 
of 16.6. The pure metal is remarkably ductile and 'malleable 
and possesses great toughness. The tensile strength is very 
high, a fine wire giving a breaking strength of 93 Kg. per square 
millimeter, more than copper, nickel, or platimim, but less than 
molybdenum or tungsten. Tantalum may fa drawn into wire 
a few mils in diameter without intermediate annealing, although 
the metal is subject to strain hardening, like copper and silver. 
Tantalum, however, resembles tungsten and molybdenum in 
permitting severe working below the equiaxing temperature. 
The pure metal may be nearly as soft as copper, but the hardness 
is increased by heat treatment, dissolved gases, or small amounts 
of other impurities. Hardened tantalum approaches the agate 
in hardness and carries a keen cutting edge, but the hardening 
of the metal may be carried to such a degree that it becomes 
brittle. The linear coefficient of expansion is slightly less than 
that for platinum, hence it may be sealed into glass. The elec- 
trical resistance is three times that of tungsten and eight times 
that of copper. When a strip of tantalum is made the cathode 
in an ordinary electrolyte, the current passes without interrup- 
tion ; but when this metal forms the anode, it is quickly coated 
with an irridescent blue oxide which seems to offer great resist- 
ance to the passage of the current. 

When a bar of the metal is heated in the air, the surface turns 
blue at 400°, and at 600° a grayish black coating appears; while 
at higher temperatures a layer of the white oxide forms on the 
surface, while a thin wire will burn slowly at high temperatures. 
The powdered metal if heated red hot will decompose water. 
When tantalum wire is heated in hydrogen it absorbs large 
volumes of the gas, 740 volumes being taken up at dull red 
heat. If the wire is then heated to full red in a vacuum, about 
three-fourths of the hydrogen is expelled. The remaining 
hydrogen seems to form compounds which are metallic in ap- 


1 Von Pirani and Meyer, Zeit. Elektrochem. 17 908 give 2850°; Waidner 
and Burgess, Jour, physique, 6 380, give 2900°; recent determinations give a 
slightly higher value, 2910°, 
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poaratice, stable, 1 >ril 1 h*» ;iu>! of liij^li elect ri« , ;il r*-i-i:t nee, All 
the hydrogen is expelled only :il I In* fusion l«*min , nitiui , . J T:Ui> 
t.alum combines readily with carbon, forming «-:»rl»i>l**s which 
render I Ik* metal brittle, and at dull redness it combine- directly 
with nitrogen and chlorine. It resists Hu- attack of all > iluxli! 
acids, cxcci>t hydrofluoric and l«iiliug r;**»*»J sulfuric, 

which attack it shnvly. Aqua regia is without effect at all 
temperatures, hut a mixture nf hydrofluoric and jiitric acid 
dissolves the metal readily. Solution- nf tin* alkalies have no 
effect tijioii tantalum, hut it is attacked by fil ed alkalies and 
ulkaline nitrates. Molten sulfur is said In have little effect nti 
tantalum, hut the vajHir of sulfur probably reacts with it. Al- 
loys with iron, tungsten, molybdenum, and oilier metals are 
formed. 

Uses. — Colt mil limn iipjwurs t »i have no commercial uses at 
the present time, A pntent was granted in the United Slates 
in If) Hi providing fur tin* use of from 0.1 to 10 permit »»f enhmj- 
intim as an alloying metal for tungsten to l<e used in the prepara- 
tion of iitemid» •scent filaments. 

Tuntaliini, having properties siniil.ar to those of eoltmihinin 
hut being both more abundant and inure jimnnuiiml in its 
desirtihlt 1 properties, hcuiw destined to till a turn'll wilier field 
of usefulness, 

The first successful use of tantalum was ns a filament in the 
incandescent lump industry. The curium filnmeni lump had 
found no competitor fur many years, until in 1K!)H Welsltaeh 
made the first metal fiiaiuent lump of osmium. These fila- 
ments were very fragile and expensive, consequently they never 
came into general use. In lfHKl, the first lumps containing a 
drawn metal filament were prepared by the use nf t aid alum 
wire. Those lamps were almost twice as efficient (sec Tttble 
XXXV, p. 277) ns the old carls m filaments and quickly Itccmne 
popular, The first lamps contained a filament with a diameter 
up to 0,28 mm., hut on better methods were developed for draw- 
ing the wire the diameter was sometimes less than 0.02 mm. 
Bincc tantalum has a lower specific resistance than carbon, the 
metallic filament must have about 2i times the length ami } 
the diameter as the car!>on filament for equal voltage and candlo 
power. The temperature of the filament at fttll glow is clone to 
> Piccini, ZcU. Kkktrachm. It MS (IVOA). 
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the softening point, so Unit t h<» double loop familiar in carbon 
filaments is impossible in the tantalum lump. To permit the 
use of u long, thin filament the " spider M support was devised 
and the filament arranged in zigzag fashion upon it. This has 
the added advantage of permitting the use of the lump in any 
position. It. is claimed that KK),(KW> lantulnm lamps wen? 
sold during the years M)0.*> II. In later years the tungsten 
filament hits eidirely displaced those of tantalum. 

Tantaluii) tuuls iiave reeently attracted much attention, es- 
pecially in dentistry and surgery, The metal is hardened by 
alloying with small amounts of stieh other elements as alumin- 
ium, titanium, tin, boron, silicon, hydrogen, or oxygen. A 
process resembling case-hardening is sometimes applied. 1 It 
is claimed that tantalum tools are superior to st.ee 1 for the rea- 
son that they do not rust, that they may bn sterilized in acids 
or in a moderate flame, and tliat. they retain their cutting edge 
effectively. 

As a substitute fur platinum, tantalum is usable in many 
ways because of itH resistance to corrosion. The first cost, is 
much less than tltut of platinum, 9 but the use 1ms not. been 
popular even. in times of platinum shortage doubtless heeaiiso 
tantalum scrap has little value. 

Pens made of tantalum are especially serviceable because of 
the elasticity, hardness, mid resistance to corrosion. 11m manu- 
facturers of inks have not, yet been able t.n prepare a suitable 
writing fluid without the use of considerable free acid. As a 
consequence steel pens corrode quickly. An acid-resisting 
metal has decided advantages, and when the tantalum tip is 
hardened in order to reduce the wear, increased efficiency is 
secured, 

Electrodes of tantalum may lie used for the removal of silver, 
copper, zinc, nicked, antimony, or platinum from solution since 
these metals may he dissolved from the electrodes by acids or 
aqua regia,* 

As a material for making standard weights it has the advan- 
tage of high sfieeifie gravity and resistance to corrosion, 

Tantalum will doubtless find application in radio sending and 

> Hw lira. Mrd. Jour. 33 721 non I amt rh ninl Ren. 3# 1210 (1011). 

* !h 1012 tantalum v<>k«. 1 * wM fur tili'tnl lift ceiit* /s>r grain. 

* Itrunck, Chan. Ztsii, 83, 1222 (1012; ; Ikintnrhuld. Zell, Elcklroohem. 19 ftHft 
(101 li). 
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Tantalum pentoxide is unchanged at high temperatures and 
it has been suggested as a refractory. 

Compounds of Columbium. — In the majority of its com- 
pounds columbium is pentavalent, although it is sometimes 
trivalent and its oxides present some resemblance to the 
oxides of nitrogen. There is a marked tendency to form oxy- 
compounds. 

Oxygen forms three oxides of columbium, the dioxide (or monoxide), 
Cb 2 0 2 (or CbO) ; thetetroxide (or dioxide), Cb 2 04 (or Cb0 2 ) ; and the pen- 
toxide, Cb 2 0 6. The most important salts of columbium are derivatives of 
the pentoxide. 

Columbium dioxide, Cb 2 0 2 , is formed by the partial reduction of potas- 
sium columbium oxy-fluoride with sodium at a high temperature. It 
burns in chlorine, forming CbOCla, liberates hydrogen from HC1, and is 
so metallic in appearance that Rose mistook it for the element. 

Columbium tetroxide, Cb 2 0 4 , is prepared by heating the pentoxide to a 
high temperature in an atmosphere of hydrogen or in the presence of magne- 
sium powder. It is a powder which appears black or blue under different 
conditions, and is not attacked by acids. 

Columbium pentoxide, Cb 2 Os, is a white infusible powder obtained by 
treating the potassium columbium oxy>fluoride with sulfuric acid and 
extracting with water, or by ignition of columbic acid. It is generally 
amorphous, but on strong ignition it becomes crystalline. It becomes 
yellow on heating, is non-volatile, and is not reduced at the temperature 
of the Bunsen burner. It does not dissolve in acids except hydrofluoric 
acid, but is dissolved by fused potassium bisulfate. 

Columbic acid, HCb0 3 , is obtained as a white amorphous precipitate 
when a strong mineral acid is added to a* water solution of potassium hexa- 
columbate. It dissolves somewhat in hot concentrated sulfuric acid, is 
readily soluble in hydrofluoric acid, but very slightly dissolved by other 
acids. It dissolves readily in alkaline carbonates and hydroxides; it is 
slightly more basic than the analogous tantalum compound. 

Columhates, analogous to the three classes of phosphates, are recog- 
nizable among the minerals: ortho-columbates, Ma*Cb0 4 , pyro ►columbates, 
M4'Cb 2 0 7 , and mcta-columbates, M’CbOj. Of these the meta deriva- 
tives are the most important, both in the laboratory and in nature. The 
mineral columbite is essentially ferrous meta-columbate, Fe(CbO») 2 . 
Many higher columbates are formed, of which potassium hexa-columbate, 
KjCbeOjs • 16 H 2 0, is the most important. It is prepared by fusing the 
insoluble columbates or Cb 2 0 6 with KOH or K 2 COs- 

Percolumbic acid, HCb0 4 , is prepared by adding H 2 0 2 to columbic acid 
and warming. It is a yellow amorphous powder which ‘differs from other 
per-acids by the fact that warming is required before it is decomposed by 
dilute sulfuric acid. 

Fluorine forms the pentafluoride, CbF t, by the action of HF op the pen- 
toxide. Itis known only in solution, but forms double salts which are more 
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not attacked by acids, even a mixture of nitric and hydrofluoric acids being 
unable to dissolve it. When heated in the presence of air it burns, forming 
Ta 2 0 6. 

Tantalum pentoxide is usually prepared in one of two general methods. 

(1) When a tantalum compound, even the ore, is dissolved in HF and am- 
monia added, tantalic acid precipitates. This on ignition yields Ts^Os. 

(2) A tantalum compound such as the fluoride is dissolved (or suspended) 
in strong sulfuric acid and the mixture heated to dense white fumes ; on 
dilution Ta 2 0 6 is precipitated. It is a white infusible powder, amorphous 
when first formed but becoming crystalline when heated to a high tempera- 
ture. After ignition it is insoluble in all acids, but may be completely 
vaporized by ignition with NH,F. 

Tantalic acid or tantalum hydroxide is usually given the formula HTaO», 
although the composition undoubtedly varies rather widely. It is precipi- 
tated as a gelatinous mass when the chloride is diluted, but it may be ob- 
tained in crystalline form by precipitation with dilute ammonia. When 
the crystalline form is ignited it glows brilliantly and forms Ta 2 0 6 . The 
freshly prepared acid dissolves quite readily in acids. 

Tantalates are numerous, and form important ores of tantalum. Of 
these the most important is tantalite, which is ferrous meta-tantalate, 
Fe(TaO«) 2 . These salts are all insoluble in water. Both ortho- and 
pyro-tantalates are known. In addition some important salts are deriva- 
tives of the hypothetical hexa-tantalic acid, HjTajO.j, whose sodium and 
potassium salts are soluble in water. 

Pertantalic acid, HTaO,, is more stable than percolumbic acid- Its 
potassium salt is obtained as a crystalline white precipitate when a large 
excess of hydrogen peroxide is added to a solution of potassium hexatan- 
talate, KjTaeO,,, and alcohol added. If sulfuric acid is added to the per- 
tantalate, the hydrated acid is liberated. 

Fluorine forms tantalum pentafluoride, TaF 6) which resembles the 
columbium salt, being known only in solution. It forms important double 
fluorides. 

Potassium fluotantalate or tantalofluoride, K 2 TaF 7 , is formed by dis- 
solving tantalic acid in HF, and adding the correct amount of KF. It is 
sparingly soluble in cold water but dissolves quite readily in hot water. It 
crystallizes from solution in fine rhombic needles whieh may be melted 
without decomposition. When a solution of the fluotantalate is boiled, a 
white insoluble oxy-fluoride of the composition 4 KF • 2 TaF* • Ta 2 0 1 , is pre- 
cipitated. Columbium does not behave in a similar manner, consequently 
this reaction is used to detect small quantities of tantalum in columbium 
material. 

Numerous double fluorides of the types M'F • TaF 5 , 2M'F • TaT t, etc., 
have been prepared.’ 

CUorine forms two compounds, the pentachloride, TaCL and the di- 
chloride, TaCI 2 • 2 H 2 0. 

Tantalum pentachloride may be formed (1) by heating a mixture of 


i See C. W. Balke, Jour. Am. Chem. Soc. 87 H49 (1905). 
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(c) If sulfuric acid is added to the alkaline solution of hexatantalate, 
tantalic acid is precipitated, white, gelatinous, insoluble in excess; it is 
dissolved by hot concentrated sulfuric acid and reprecipitated on dilution. 

(d) Ammonia added to an acid solution precipitates tantalic acid (or 
acid ammonium tantalate). In the presence of tartaric acid this reaction 
does not take place. 

(e) HF dissolves tantalic acid freely, and if the solution is concentrated 
KF produces a precipitate of K a TaF< as fine needles, which are fusible, 
slightly volatile, and soluble in 150-160 parts of water. On boiling the 
solution there appears a fine white precipitate of K 4 Ta 4 0 6 F, 7 , very insolu- 
ble and quite characteristic. 

if) Tannin added to an acid solution produces a precipitate with a 
yellow color. 

Estimation. 1 — Gravimetrically, columbium and tantalum are deter- 
mined as pentoxide obtained by ignition of the acids. It is customary 
to determine the amount of the mixed oxides together, then estimate di- 
rectly the subordinate clement and determine the quantity of the predomi- 
nant element by difference. Gravimetric methods are tedious but are 
generally regarded as the most accurate. 

For the gravimetric determination of columbium, the material is freed 
from tantalum by the difference in the solubilities of the double fluorides, 
using the method of fractional crystallization. (See Marignac's method, 
p. 226.) Finally the material is evaporated with 1 : 1 sulfuric acid until 
all fluorine is expelled, water is added, and the acid precipitated with am- 
monia. After ignition and weighing a correction 2 is generally applied for 
the Ta 2 0 6 present. 

Tantalum may be determined gravimetrically by a similar method. 

Volumetric methods for determining columbium are rapid and fairly 
satisfactory since tantajum does not interfere. But tungsten, molybdenum, 
and titanium must be completely removed. The methods depend on the 
reduction of pentavalent columbium to the trivalent condition by means 
of zinc, then the oxidation by standard permanganate. Taylor’s method 3 
makes the reduction in a Jones reductor and the titration in an atmosphere 
of C0 2 . Levy’s method 4 carries out the reduction and titration in an at- 
mosphere of hydrogen in a conical flask from which the air is excluded. 

A colorimetric method has been proposed by Meimberg 6 for the estima- 
tion of columbium. Most of the tantalum is removed as the fluotantalate, 
then the columbium is reduced with tin in a colorimetric tube. The amount 
of columbium is determined by comparison with a fresh standard solution. 
For samples of 10 grams an accuracy of 0.01 per cent is claimed. 

1 See Proc. Colo. Sci. Soc. 11 185 (1917); for determination of tantalum in 
alloy steels, see Compt. rend. 166 494 (1918) and Jour. Ind. and Eng. Chem. 9 
852 (1917) ; see also W. P. Hoadden, Am. Jour. Sci. [v| 3 293 (1922). 

2 See Mellor, Quantitative Inorganic Analysis , p. 422 ; Schoeller and Powell, 
Analysis of Minerals and Ores of the Rarer Elements, p. 132; or Johnstone, 
Rare Earth Industry, p. 60. 

2 Jour. Soc. Chem. Ind. 28 818 (1909). 

4 Analyst, 40 204 (1915). 

1 Zeit. angew. Chem. 26 83 (1913). 
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The members of Group VI may be divided into two well- 
defined sub-groups. Of these, the A division, including chro- 
mium, molybdenum, tungsten, and uranium, is characteristi- 
cally metallic in nature ; while the B division, consisting of oxy- 
gen, sulfur, selenium, and tellurium, is distinctly non-metallic. 
The metallic elements have high melting points and the metals 
are produced with difficulty, while the non-metals are gaseous 
or easily vaporized, with both the melting points and boiling 
points increasing with increase of atomic weight. Each of 
the metallic elements of this Group unites with each one of 
the non-metallic elements, the compounds formed showing close 
resemblances. All members of the Group (except oxygen) 
form trioxides which have distinctly acidic properties. These 
trioxides form well-defined compounds of the type MYRO^ in 
which M' is hydrogen or a univalent metal and R is a member 
of this Group. In general the series of salts derived by sub- 
stituting a single metal for M, but varying R, are isomorphous 
with striking analogies. There are also many compounds 
formed, in which one equivalent of the basic oxide unites with 
several equivalents of the acidic oxide, such as dichromates, 
disulfates, diuranates, and polytungstates. 

The normal acids derived from the trioxides have a constitu- 

/OH 

tion represented graphically thus: (YRY QH' Not only may 


the hydrogen of these acids be replaced by metallic elements, 
but the hydroxyls may be replaced by negative radicals like the 
halogens. The chlorides so formed, such as SO2CI2 and CrChCE, 
behave like the non-metallic chlorides since they are promptly 
hydrolyzed by water. But as the atomic weight of the element 
increases, the stability of the compound becomes greater since 
the radical RO2 becomes more basic. Finally in the uranyl 
compounds we find the radical U 0 2 forming the most stable 
and best known uranium salts. 
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In the dioxides, the non-metallic members of the Group form 
compounds which are rather feebly acidic. The dioxides of 
the metallic elements are basic in nature ; other basic oxides, 
such as RO and R 2 0 3 , are also formed. These oxides give rise 
to series of salts which are generally active 
reducing agents, owing to the tendency to 
form hexavalent compounds. 

The non-metallic elements combine with 
hydrogen and the alkyl radicals yielding 
volatile compounds. No such derivatives of 
the metallic members of this Group are known. 

In valence Group VI shows a wide varia- 
tion. Oxygen is almost always bivalent, 
though occasionally it is probably quadriva- 
lent. The elements sulfur, selenium, and tel- 
lurium are always bivalent toward hydrogen 
and the alkyl radicals, while in other com- 
pounds the valence may be two, four, or six. 

The metallic elements show a variety of va- 
lences, though all members of the Group have a valence of six 
in their most characteristic oxygen compounds. 

The relationship between the members of the Group is shown 
in Fig. 14. The blank space following tellurium is occupied 
by polonium and its isotopes, 

Table XXXII 


Physical Properties 1 of the Chromium Svb-Group 



Chromium 

Molybdenum 

Tungsten 

| Uranium 

Atomic Weight 

52.0 

96.0 

184.0 

238.2 

Specific Gravity 

6.74 

9.01 

19.13 

18.7 

Atomic Volume 

7.7 

10.6 

9.6 

12.7 

Melting Point 

1550°. 

2535°. 

3267° , 1 2 

1500°. 3 


Molybdenum 

Historical. — The name molybdenum is derived from words appearing 
in both Latin and Greek literature, where it was used in reference to any 

1 See also table by C. W. Balke, Chem. and Met. Eng. VI 1273 (1922). 

1 Langmuir's value. 

s The melting point of uranium is given by various authorities all the way 
from 800° to above 1850°. 


0 











210 VI \]<>I.Mtlli;M M 

l.fcu-k lliiliir:il »)ufli 1- ft :• ii. ifi. ••!» )■'.}.> l I ’> t'u *•' v -ij-Vif-t •li lt 

Mlllxf Mill'll M ' J/lU'fl . 1 , lllil.ifi', || l li . .I* . Mlili i J f ijiflli I ■*! fit. III'. M-Hp* 

tln-n- «:!•- I||| ill f|lfi f(<i»i »!*•! I* III ' '.I ' I* I” >|ii.i!<- .»• I II. • i > !.*if!i 1 !jij(.|i-, 

Nlicf flnir J»li‘ i" mI jif-"|ii t<f «)• -ii -fiii: •» I'l I it** .*•• tii t.'m. .| 

lllllt liv llifllltir lffi‘ 1 ’. I'||| lll'i' ’-Mill lift Hi I • i tlnf ■ .J ’-.A' •! Ij!illt)|| 

ffi jil mill n !«■> iilim aln'i- i :.r')i, vtli;- *. '! ■-> i-.S III i t> p. ti;* • I ..t ij»e 

(.fftlt In* iJJI'I'. fi*i| 1 1 **- liafli" fijiflfi .'f.n' . i i * If i * , :>»,.! Ml,/ ;* t lli.. 

mini-nil w/c uc'l'. I fi»tin *t?nJi- In Ii'.' Uji'iiri 1 

;i iii I in IV'i? Kl.'ii>r»iili •■ ■Hi ll iiii Jtif .il ilf -iii!i ri i.i i i. it ,t » 1 ; I n|f i* 

nn»l inui" if a* i>l, .ml m!’-» ll*i •••liv .-.jliUi. I !)• • ir. «( 

HIDIfV ill ill*' *'JIII<)*i*flll»l . ■•' J?|i-*i J.*|i !; t!fl 

Occurrence . 1 Tin 1 chief < <r»- nt uiiilyi**!*ij|tiui are uiolyh- 
(It'tfilii, M'lS . i-iiiii:iiifiiur <ii> per cent »>f t !«*• <-l* i j t»-t it , walhniie, 

I'iiMn* fniit.'iininir .'!? JO |i*-i * i*i»t MoO,, uml n >• 1 n| mhor. 
wnnelitues f.'illml im>h l»ltin. J* <)••.* \Jn« k • 7 * Hy t. rent aming 
;i~ lit) pef fi-lf! Mill l{iifi')|tlv lift! Iiilti'-I.il pat* * *<\J»il 1 4 , 

eontainiug li. r » jut i'i-hI Mm' >3, Imm hi'ione- •■iiiuuii-f i tally uujmr- 
taul. 

In :iilililiii)i iinilvlirli-iiuin i - fouiel in .h/-v«-t;# 1 more rrj r*‘ ruin* 
ITuIh whirl) haVf nut In-I-U hllh -1U*h'*l ulisl ap* »>f U'f lltijjiir! alter* 

(Ut HOIlreCh atf I1II>1\ l»!i'II'IUi. !l I- 1 lr»|<|Ui' 1 il rii|«>>t|ti|i )«l 1 «f |)|I» 

1 iro.w < if other ju»-i « , »|kti:i 1 Iv in iinii min from which »i Jin*!* ii* 
way into I mill pin 11*111 -iiiil - l;»t» . Ii ha.** In-i ll known in .(I'l iiuui- 
1 m 1 1 ■ In tin* e\t<-nt nf 2^ jh-i • ••lit in *1 njt from furnace*. 

It ulxo i* fnuii'l in apprenahle amount* in the r»«.)ilu<*>* from 
<|<>p|H*r Miwliiim ovi'tf* . hut 1' i>< never foum! u> tin* free >*t!it»|, 
The lim n uf ntulvleleniju) tiro ri'*‘*n*ui/Hhh' in the *«ilar «jx*rtruitu 
The principal i'uji)iin'r*-i.'<I nn* **( moh h*i* nimi 1* tti * »1 y I w l«*t tt t ( 
whirl) oi'rnr.H uutKiUv in Jink''* whe-lt ur»« nift, gtcaxv, »';uuly 
frinhli*, leaving u liluMi ni;a nin-ak «m pajwr :in>l a •■hnhtly 
^rreninh .«trc*uk tin (Mim-lain. Thu liar>lii>-ioi rsuijji-ii l*-tw«*en 
1 inwl J./i ami the Mjtrriiu* uraviU* ln't»vi-*-n 1.7 ;ni>l 1 .H, It 
r(‘Hf*tnl>li*H Kra[ihit<> «-l*u«*h- in jiIi yni«-.*J iipiwarntn '*, Imt mny lx* 
(listiiiKtiixlicil fmm tin* latter hv tin* i*ik’i-)Ii< gravity’ tailor of 
the porcelain xlrenk, ainl the fa* ) that on heating molvlxleiiile 
4)1 H )flwtl twlx* the cxlnr of xulfur <im\i<|e reiultly (il)t)HIWS*I, 
'llte di "Veliipmejit of tin* inidvlulenum imhi»try pr«M*e<a|ei| 
very wlowly for many yearn, Steel maker* were unwilling to 
ex|)erim<*nf with molylMientim ae a eo»i|xui« nt of alloy 

1 Itn' /M it I, Il'in-iM •>( Mu.' 1 ( I -it',) 

* Cir»etii«*i Ini* n •(•ri ifii' ki ni.fi jc «(t jttu 'J .' ! ii 1 . il it rim. <* a tfel-ttny 
on licftil |.nl« f Mill iHirrelain. 
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because the mineral was mined in small quantities and a steady 
supply was quite uncertain. On the other hand those in con- 
trol of the low grade molybdenum ores were unwilling to begin 
mining on an extensive scale because of the fact that the demand 
was small. Consequently mining operations were confined to 
a few high grade deposits where hand methods were largely 
used. With the outbreak of the European war there came a 
sudden and extensive demand for steel hardening metals, which 
directed attention toward molybdenum. As a means of stimu- 
lating production the British Government guaranteed a price 
at Ottawa of $1.09 per pound of M 0 S 2 in 85 per cent concen- 
trates. Under the stimulus of high prices and heavy demand, 
the molybdenum industry grew rapidly in various parts of the 
world so that production increased at an enormous rate. 

The business depression which followed the close of the war 
was particularly disastrous to the molybdenum industry. The 
demand for molybdenum products was suddenly cut off, stocks 
piled up, and mining operations were almost entirely suspended. 
This natural condition was doubtless exaggerated by the fact 
that in 1917 Great Britain bought nearly the entire output of 
the Norwegian mines in order to keep the material from going 
to Germany. 1 The price paid was as high as $4.25 per pound. 
After the war this accumulated stock was thrown on the market 
at greatly reduced prices. During 1919-20 there was almost no 
production of molybdenum in either the United States or Canada 
and no importations, in spite of the fact that the low rate of 
exchange made high grade foreign molybdenum available at a 
surprisingly low rate. 

Molybdenum ores are widely distributed over the earth’s 
surface, workable deposits being found in Norway, Sweden, 
Finland, Saxony, France, Italy, Belgium, Spain, South Africa, 
Newfoundland, Canada, Australia, New Zealand, Prince of 
Wales Island (Alaska), Peru, 2 Japan, and the United States. 
Deposits are known in New England, New York, Pennsylvania, 
Colorado, and California. Up to recently practically all the 
world's supply of molybdenum came from Queensland, New 
South Wales, and Norway. In 1910 Queensland produced 
50 per cent of the world's production, in 1915 the United States 

1 Eng . and Min. Jour., Jan. 18, 162 (1919). 

2 Otto Wilson, Chem. and Met. Eng. 26 700 (1922). 
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was the chief producer. in 11)17 c'amid.i l>-< I 1 1»»* li t *»i ju-dtlinvr^, 
and in 191N I lif I 'nihil State.. in:ii'K*H tl tin- npiivaimit of KlO.s, 
tons * if Hu* tliftnl, till- i:«rj;»- 1 aill'Hinl »v»-r pludui <-.j In* ;ni>* 
ctiiiitl ry. A mii.'iII :(ti>i>iii/t »>( flu* A io»- ? i» :i t» >i<-]m it - i mined 
in ( ':difmiii:i ;iini Ari/.unn. hut iu*>t <»i n **»tiii<* foini t V dorado, 
which is said In I'xiitniti t n* «1 % hdeintm depu-ii- m »*v»-rv mn- of 
it h mining rutinl i«>, hut with oidy •»iu* nr Uvu »»f 1 1 } »- . <- dcvclopi-d. 
One uf I he must interesting development in the ueilv !><l*'nuni 
industry has hmi made :it < ‘luna\. * A »1< «rm 1» *« where the ore 
is estimated .'is sufficient i»» Mtpph IDUU tun per dnv f«*r more 
than ill) y i til's. This <n<- i- ih.»t umtniui and contain* 
II jHiimds uf ntiilyiidiMiili* per tun. Th»* mine is n»-ar hemlvtlle 
lit an elevation of ! I ,t)00 feet . f it eat difficult n** an* euriiiniteieil 
heeause uf I lie deep snow which continue- during a large part 
of the year. The ttiiii and tin* mine, which arc id unit a utile 
apart, tire connected hy ;• wire rujie tramway. 

('nnceiili.'ilitiii of Mieh iin me t*< aii«ilut>|\ essential to the 
mures* of the industry. < ’niicctif nttimi In rolling and screen- 
ing hits limi tried, IiUt it 1“ too Wasteful to !«• successful cv.pt 
itt conjunction with other method- of enment ration. Kleo 
trostnlie separatinn is applnahje to certain ore-, hot the must 
efficient concentration in most rases is accomplished hy flota- 
tion, At ('liliia* til'* concent ration i**steeu<iiph'dn'*l hy nota- 
tion in mi alkaline solution, theriioivntrnliuri ratio Imook I : 125. 

f tonccnlraf imi of wulfeiutc ores ts a much more simple pro- 
cess since efficient coneent ration is accomplished hv almost 
any of the wet Jirumws, or if water is nul available. pneumatic 
separators art* cfTeclive, WilfJcy lahles, working utt inillml 
ore eon t tuning 2 jut cent Mu, are enjwihle uf ronet*« I rating 
85 tier rent of flic iiiulyhdenuin even in the jiresenci* of so heavy 
a gangne as haritim sulfate.* 

A high grrn It* molybdenite concentrate will contain 90 95 
per rent MoH 3 , though much lower grades are sometimes sold. 
Molybdenite is sold on tlie hasis of the inolylidefiiim emitent 
reckoned as MoS,. hut wulfemte may Is* sold either on llm 
hasis of the metallic molylslenum or of the MoOi. These? 
three methods of calculation are unfortunate and lend to much 
confusion. The prien of rnolyls lenite has shown very great 
fluctuations. A few years ago MoH» could I* purchased for 
' Jour, Frank, tart Ut» 17 OIMO). 
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15 to 30 cents per pound. In 1908 high grade molybdenite 
containing 90-95 per cent MoS 2 sold in the European market 
for 32-38 cents per pound, but the price rose steadily until 
in 1915 it was |1.20-|1.85 per pound. In 1917 small lots were 
sold for $2 per pound. Following the war the price dropped 
rapidly, and in New York in 1919, 90 per cent MoS 2 sold for OS- 
75 cents per pound ; this price prevailed in February, 1923. 

Extraction. — The extraction of molybdenum salts from 
native ores may be accomplished in several ways, some of the 
methods which are in actual use being secret. Naturally, the 
method selected will depend upon the kind of ore, the other 
metals present, and various other considerations. Some of 
the available methods are outlined as follows : — 

I. From molybdenite, the extraction may be made in several ways. 
(a) The mineral is roasted as long as sulfur dioxide is given off. The 
residue which contains MoOj is leached with dilute ammonia and the 
solution evaporated until the ammonium molybdate crystallizes. Japanese 
patent 37420 (1920) extracts the roasted ore with Na 2 CO« solution, then 
precipitates calcium molybdate by adding CaCh.’ ( b ) The finely ground 
ore is heated with nitric acid and the MoO» dissolved in ammonia. ( c ) A 
current of chlorine is passed over the dry pulverized ore at a temperature 
of 2(18°. The molybdenum chloride distills over and may be separated 
from sulfur and other chlorides by fractional condensation. 1 2 * ( d ) A British 
patent describes the extraction with an alkaline sulfide or polysulfide solu- 
tion which removes the molybdenum from the ore as the soluble thio- 
molybdates. These may be converted to the molybdates by acidifica- 
tion or by contact with more ore. 

II. From wulfenite the extraction of molybdenum presents greater 
difficulties because of the larger number of metals present. This considera- 
tion and the facts that wulfenite has a small molybdenum content and is 
at the same time much more rare than molybdenite, have led to the predic- 
tion* that wulfenite will not become an important source of molybdenum. 
On the other hand the wulfenite has the advantage of containing other 
valuable metals, the recovery of which materially decreases the cost which 
must be assessed to the molybdenum. Previous to 1915 most of the Ameri- 
can material was obtained from wulfenite, but fully 90 per cent of the pres- 
ent supply comes from molybdenite. 4 

The extraction methods applied to wulfenite may in general be grouped 
as follows : (a) acid leach requires a large excess of strong acid in order 
to bring the material into solution, then much alkali to neutralize the ex> 

1 See, also. U. S. Pat. 1,403,477, Jan. (1922) . 

2 U. S. Pat. 1,398,735. 

* Min. and Scientific Press, 117 529. 

4 Chem. and Met. Eng. 21 364 (1919). 
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donum sulfide arc thrown down. This method works well in 
qualitative analysis. 

Iron may lie mitoved hy the hydrogen sulfide, pressure, bottle 
precipitation, foil :i much more nmvnuient method is to oxidize 
thc iron lo the ferric condition, then pour the solution into a 
hoi 10 per coni .subitum of sodium hydroxide. Boil for a time, 
cool, filter, and wash ihe ferrie hydroxide thoroughly. If much 
iron is present Ihe precipitate should ho dissolved in acid and 
the precipitation repeated. Iron ma.y he. successfully removed 
hy two or more precipitations with ammonia. 

A rsnn'r (or phosphorus) may he removed by adding ammonia 
to the solution containing arsenic (or phosphoric) acid, then 
adding magnesium chloride mixture slowly and allowing the 
precipitated magnesium ammoninm arsenate (or phosphate) 
lo settles overnight, loir a complete separation the precipitate 
should he dissolved in acid and the process repeated one or 
more times. Arsenic has also been removed from molybdenum 
by distilling off the volatile chloride with strong hydrochloric 
acid in the presence of reducing agents. 

Attlitmufi may be separated from molybdenum by boiling 
the solution of their chlorides, containing nil excess of 1101 
but no nitrates or sulfates, with sheet lead. Metallic antimony 
is precipitated while molybdenum is reduced but remains in 
solution. 

Tin is left in solution if molybdenum sulfide is precipitated 
in the presence of oxalic acid hy hydrogen sulfide in a pressure 
bottle. In ores if eassiteritc is present, if. may Is; left with the 
insoluble residue hy dissolving the molybdenum with an add. 

Tung«lt;n may 1 m* separated (I) hy proeipitating molybdenum 
sulfide under pressure in the presence of tartaric and sulfuric 
acids ; (2) by eva|a anting a solution of sodium molybdate and 
tungstate to dryness, heating with an excess of sulfuric acid, 
then adding a few drops of nitric acid to rooxidize the lower 
oxides, and dissolving the molybdenum in water. The tungstic 
acid is not dissolved ; (:i) by dissolving MoO* from a mixture of 
the trioxide by sulfuric acid of specific- gravity 1 ,'M ; 1 (4) by pass- 
ing lIC-l over the oxides at 250° 270®, the volatile MoO a • 2 MCI 
is distilled away;* (5) by precipitating tungsten acid with 

i Jour, Ant, Chrm. Hoc. 22 1772 (1900). 

» Com/M. rctul. 114 172 (JWI2). 
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stannous chloride ; 1 ( 6 ) by dissolving M0O3 from a mixture 

of the oxides by the use of selenium oxychloride, in which 
WO3 is insoluble , 2 

Metallurgy, — Metallic molybdenum may be prepared in 
several ways : — 

(1) By decomposing molybdenite in an electric furnace. 
The product contains from five to seven per cent carbon, of 
which about one per cent is in graphitic form. 

(2) If a mixture of molybdenite and the dioxide is heated 
in the electric furnace, the reaction takes place readily : MoS 2 + 
2Mo0 2 = 3 Mo + 2 S0 2 , This process is capable of producing 
98.5 per cent molybdenum with only 0.7 per cent of sulfur, 

(3) By the reaction of hydrogen on the hot oxide, chloride, 
or ammonium salt. 

(4) By reduction of the oxide by the Goldschmidt process. 
This produces a metal 98-99 per cent pure, containing small 
percentages of iron and silicon as impurities, but quite free 
from carbon. 

(5) Reduction of the oxide with carbon 'is successful, but 
the product always contains carbon, the per cent of which in- 
creases if the charge is heated too much. If carbon bearing 
molybdenum is melted with the oxide of the metal, the pure 
metal may be obtained. A purity of 99,98 per cent is reported, 
a trace of slag being retained. Sometimes lime is mixed with 
the charge, the reaction being M 0 S 2 -f 2C + 2CaO = Mo -(- 
2 CaS + 2 CO. The metal prepared by this reaction may con- 
tain as much as 3 or 4 per cent of sulfur. 3 

(6) The oxide may be redu ced with misch metal. 

(7) If MoOs is made into a paste with dilute H 2 SO 4 and 
electrolyzed, a lower oxide is obtained from which the metal is 
obtained by reduction in hydrogen, 

Properties, — Molybdenum is usually obtained as a gray 
metallic powder which may be sintered into the compact form 
by pressing into bars and heating by the electric current in an 
atmosphere of hydrogen. In the coherent form it is usually 
a little darker than platinum though the pure metal is said to be 
silvery white. The pure metal is tough and malleable, but im- 

1 E. E. Marbaker, Jour. Am. Chem. Soc. $7 88 (1915). 

2 H. B. Merrill, Jour. Am. Chem. Soc. 4S 2383 (1921). 

1 Brit. Pat. 181,837 (1921) and Can. Pat. 221,041 (1922). 
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purities make it brittle and even fragile. It is not hard enough 
to scratch glass, and it may be filed and polished easily and it 
may be forged while hot. Formerly molybdenum was said 
to be totally lacking in the property of ductility, but recently 
a method has been devised for producing a ductile form from 
which fine wire may be drawn. The melting point has not 
been accurately determined, but it is placed around 2500° C., 
having the highest melting point of all metals except osmium, 
tantalum, and tungsten. The specific gravity increases ap- 
preciably as the metal is subjected to mechanical working. 
Moissan obtained a value of 9.01, but the ductile metal after 
drawing has a specific gravity as high as 10.32. The Brinell 
hardness is 147, The tensile strength increases materially 
with the fineness of the wire, as is shown in Table XXXIII. 


Table XXXIII 

Tensile Strength of Molybdenum, Tungsten, and Steel 
In kilograms per square mm. 


Diameter in 

MM. 

Molybdenum 

Tungsten 

Steel 

0.125 

140-182 

322-343 

___ 

.070 

161-189 

336-371 

— 

.038 

189-217 

385-420 

— 

,075 


I 

356 


The electrical resistance of ductile molybdenum at 25° is 5.6 mi- 
crohms per cubic centimeter for hard drawn wire and 4.8 mi- 
crohms for annealed wire. The temperature coefficient of 
electrical resistance between 0° and 170° C. is 0.005. The spe- 
cific heat is 0.072, 

If pure molybdenum .is packed in carbon and heated to 1500° 
C., it absorbs carbon and takes on quite different properties. 
After absorbing carbon the color becomes gray, it is brittle and 
hard enough to scratch steel and quartz, and both the melting 
point and the specific gravity are lowered. 

At ordinary temperatures the compact form of molybdenum 
is slowly oxidized in the air, but the ductile form seems to re- 
tain its luster almost indefinitely. On heating to a dull red, 
a coating of the white trioxide forms slowly and at 600° it burns 
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tile molybdenum is also used in the manufacture of certain 
X-ray tubes and voltage rectifiers. 

Molybdenum has been used with tungsten as a thermocouple 
for high temperature measurements. 1 Such a combination 
can be used at a much higher temperature than any of the 
commonly used thermocouples of platinum group metals. 
Their use is complicated by the fact that to prevent oxidation 
the metals must be protected with some resistant substance 
like fused magnesia. 

Molybdenum has shown its usefulness in dentistry and in 
the manufacture of standard weights. The metal also finds 
extensive use in making audion tubes for amateur wireless 
outfits, where it replaces platinum in the grid, and in higher 
powered tubes, where it forms the plates. 

In non-ferrous alloys molybdenum gives some interesting 
results. If M0O3 and WO3 are mixed together in any propor- 
tion and the mixture heated by an electric current in an at- 
mosphere of hydrogen, alloys are obtained which may vary from 
pure tungsten to pure molybdenum. These alloys are not 
only useful in making incandescent filaments, but have been 
suggested as substitutes for platinum. Two difficulties are 
encountered in their uses: they oxidize readily and cannot 
be soldered easily. Both obstacles are overcome if the alloy 
is coated with a layer of a noble metal, 

A series of alloys of the “ stellite ” 2 type include varying 
proportions of molybdenum, chromium, and cobalt with small 
amounts of iron, manganese, etc. The addition of molybdenum 
to an alloy of cobalt and chromium increases the hardness in 
proportion to the amount of molybdenum added, up to 40 per 
cent, when the alloy is exceedingly hard and brittle. The 
usual alloy of this type contains 20-25 per cent molybdenum ; 
it is hard enough to scratch glass, takes a keen edge, and re- 
tains its bright color in the air, 

An alloy of cobalt and molybdenum has the same coefficient 
of expansion as glass, and can readily be drawn into wire. Pat- 
ents have been issued 3 for acid resisting alloys containing about 

1 L. E. F. Northrup, Chem. and Met. Eng. 11 45 (1913). 

J See discussion of stellite under tungsten and especially the article by the 
inventor, Elwood Haynes, Trans. Am. Inst, Min. Eng. it 578 (1912) ; Trans. 
Am. Electrochem. Soc., Apr., 1920, p. 377. 

« U. S. Pats. 1,375,082 and 1,375,083, Apr. 19. 1921. 



2f|0 (JltOl I* \ I M*'!1 «tl>KM '■] 

10 per cent iinil.vl«li'W!tii «»*!. *•»)' ilt .ii m> U l and :i ht)|.- >r«in 
or iiiaiiKanew. 

Forromnlv lttlfiono t- on ;*11. • v wheh r< »l< ford n. I*rnuit* 
of ({real if >o>4\ - 1 -I an* >!.!•• to *••!»* 

BtHTOHJifltfly with oiler :«!!■ •% 1* > ! I h>' 111 anuf a- t u» of f.-rro. 

ITIIllvilli'-imilt l 1 * * * ’ HMiallv .ailed *''lt )!t ill >!• • ! 1 If filllia*'. tin* 
cliaroo Iifimc ;i r*in<i-iit vat.-d n|i»li i»j» i.it.- iii'li iron »«j»* 

duel ;i fiiiii rif *!*• tins 5 V u'ldh *-a#n*d oot pcod.rtion 
of forroiiinh liilfunm i* a « > <*fnl )*"*• * .<}•>• !*•-» ■•.net uni*, 

running of high ae 20 or «y»n • ’•u j*r * • id of tie- m»»h }m|«-jh*i»*. 
A recently |»rnj«-*-l «*• 1 plant at l l' ld,* fjord. Xorwa*. . ho. tlj«* 
advantage.* of fin' < ln-i|i < |iTtri. :il .•te-ig'., abundant >»r»\ and a 
nearby market, *l*li»' u r> • l:uu i**»i t*. Ik- modi more 

economical than thorn umi.-iHv ■ u .3 .1* «•<! ’ ttt.e tie- gnat 
diflinill ifH which Inn- hind'-icd 1 )»»- >i.-v.-l'ij.iii.*i;t >*< inoly hd-nitm 
Bli'**! litif front il«»- nnjio-.dnM'. «.f obtaining a u rr»*moh 1»- 
di'tititn of uniform purity, 'l it*- tanmn \* *• '• ida^f. of »arbot», 
xillftir, will other impolitic < )M-»> goat variation in th« qunh- 
ticn of ritolylttlvtiuiH *t..*|, 

Af ttlyMrnum ntrrtu nr.- tiot in-vv. l ima. »h. v »••■»** iinmofartiiri'il 
in tiro t * nif ***1 Hi.'itr* on n • omm<i.ial *« ■ nl«- an modi :«a a quarter 
of 11 emit ury ago,* Hot tln r<- i» no jmin* m tin* whole ntt«-«-| m- 
iluntry nJ*uut which t i» *0 modr . 011)11111111? t« Omiony an m 
to lio fonii'l dlmot tli<- merit* of alloy *t«*« I* ri.titnuitng umlvlo 
(jcnuin. There (in- mam r»-i»**i tm lor thin »t:»t«. of affair'., n* 
lx xhovvn l«y u xtudy of the hr<t«»i> of thin element in ».t <-»-! mak- 
ing, Tito lir*t r<**nll* were obtained with {i rt.«irio|yl«|.'nntt) 
which contained mi mu*|i nolfur, h»i.| other injurious 

ingredient* flint the product* were alliio-t woilhlc*. latter 

when a purer form of ferronioivbdrnom wa* u***d r improper 
heat treat inr-nt, farh^l to hriint out tie . of thr* 
»Utcl anti even <h*vi'lo]**'<l Inithlv u|.jwti«itinl»l«» prop'rlitM, It 
in no worttlcr that tlii'w* rutty «*\ji«-th*ii*'im have Kivm molylt- 
tlenum a hatl repot ut ion which ha* not ve* l«t«n overcome , 
On the otlirr hand the frirtel* of inolvl*h'i|tiio have rimmed 
(tuperior prr»|iertitM for till* alloy *lrr| and JitiVi' ticen artive 

1 Kr« " K^re.m>»lvl«tfi..itif e. r rKm Jivt t *»* *)»> 

If. H, Itiimni ..f ytim-., n»u 7? M , m, jyj 

1 J?M0. and ,U.n J'tvt., Jai! 1*. iv m, j,. mg, 

* Chem, and -W.r M ati?, e)u;r| j 
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in : t campaign tii bring it into jiopulur favor. Whatever the 
r<*:il merits iff luulyUlenitm steel may bn, it in impossible at the 
present linn- tu | in flirt iln future. It in to bn hoped, however, 
that as informal ion is gained upon the methods <if mutmfae- 
tilling ;tn> 1 the properties uf this alloy steel it will find a place 
of its own a Hume; dir useful steel products. 

MnlyUleruun is sometimes the prineipa! alloying element in 
the sled, bul generally it is used with other substances, espe- 
cially a'hnimhim, nickel, tungsten, or vanadium. In general the 
HTeet of iimlyhileiiinu is similar to tungsten, but a small per 
rent of moIyUleiiinu produces the same effect, as a much larger 
}iro|w»rtion of tungsten, (’.sing slightly different methods of 
comparison, various investigators have estimated the effective 
ratio of molybdenum to tungsten as between 1 ; 2 ami 1 : .'5 
1.22.1 ami even 1 ; 4/* 

Molybdenum steel is made by the crucible process, by the 
electric process, hy the open hearth, or even directly by heating 
a mixture of the ores with coke and a suitable flux in an electric 
furnace.* The molybdenum may he added ns the powdered 
metal, but ferromulybdeiimn 1 ' is more commonly used because 
its melting point is lower and it is less liable to suffer from oxida- 
tion. When chromium, nickel, and other alloying metals are 
desired these are at times added as the molybdenum alloy, 
f)u limn mt of the difficulties memmtered in adding either 
molybdenum or its ferro alloy it. lias lieeii suggested that the 
addition may well be made as calcium molybdate, This practice 
has proven successful, although special precautions are neces- 
sary to prevent loss of unit) rial through dusting, The addition 
is generally made long enough before the metal is drawn to 
insure a uniform mix, The |*er cent, of molybdenum added 
is very frequently less than l jier cent., though l.f> 2 per cent 
molybdenum is common in high sliced steels, and in certain 
neid resisting steel the amount of molybdenum may run as 
high ns o j>er cent, Steels containing f> 10 j>er cent, molybdenum 
have !x*en made. 

< Swindl'd. Cnnttnir Schutarxkip M im»irrt, trim nrui Steel Inti,, London, 8 

«n fiwii; 8 ns) am.tr. 

» w. Ci.w», i -f.il/, t ai fuse,)). 

' I,. (Iililh t. /(<■<«' tie MiUill'iryi*, UKU, p. 

' It. M. Kwaiiy. Carnegie Schnlomhip Memoir*. Iron and Steel Imt,, London, 
4 173 (m2). 

‘ 8<o Znt Mi l,, Ilk unite. 18 IPS 
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a higher drawing temperature in order to obtain the same phys- 
ical results ; also that as regards forgeability the working 
range is wider, while it flows better under the dies, One diffi- 
culty experienced in the heat treatment of this alloy steel arises 
from the relative volatility of the molybdenum, leaving the 
surface without the beneficial effect of the molybdenum. This 
may be overcome by grinding off the surface layers. 

The undesirable properties said to be produced by molyb- 
denum are red-shortness, and the appearance of cracks 
while rolling or forging. This results in a lack of dependability 
which is not permissible. In molybdenum tool steel, some 
users report that cracks are produced by the quenching process ; 
others that they do not hold a thin cutting edge after retreat- 
ment as well as before ; some find that such tools show irregular 
cutting speeds, that the material is seamy, and contains physi- 
cal imperfections. 

These imperfections are probably due in the main to the use 
of impure materials in the manufacture of the steel or to im- 
proper heat treatment or subsequent handling. It is claimed 
that these difficulties can be overcome by more intelligent 
practice and by properly selected adjunct hardening elements. 
There seems to be a general impression among steel makers 
that molybdenum is to be regarded as a more or less unsatis- 
factory substitute for tungsten or at best as a secondary com- 
ponent of alloy steels whose presence permits a material economy 
in the quantity of tungsten needed for any desired effect. 

The cost of molybdenum is in normal times around $2.50 
per pound. This seems like a prohibitive factor in itself, but 
considering the small amount required to produce any desired 
result, the small per cent of rejections, the long life and effi- 
cient performance, the friends of this alloy steel claim that it 
can compete successfully with other steels in final cost. 

The uses of molybdenum steel are varied. Straight molyb- 
denum steels are not extensively used because the beneficial 
results of molybdenum are best realized in the presence of some 
other alloying metal. Chrome-molybdenum steels, commonly 
containing 0.25-0.40 per cent molybdenum, are becoming widely 
used in the manufacture of automobiles, tractors, and general 
machinery. It is particularly serviceable for gears, shafts, and 
connecting rods. A steel containing more carbon and up to one 
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steel makers. During the 18 months preceding August, 1919, 
about 50,000 tons of molybdenum steel 1 were made in this 
country. 

Compounds of molybdenum find a variety of applications 
such as its use as a pigment for porcelain or china, in dyeing 
silk and wool, in coloring leather 2 and rubber, 8 in fire proofing, 
in disinfectants, and in the synthetic production of ammonia. 
Compounds of molybdenum are used to preserve cordite which 
is to be stored in a hot climate. 4 Molybdic acid is used in the 
preparation of Froehde’s reagent, in the manufacture of dyes, 
and as a reagent for hydrogen peroxide. Phosphomolybdic 
acid is used as a reagent for alkaloids (Sonnenschein’s Reagent) 
and in testing for alkaline metals. Some salts of molybdenum 
are used in the production of blue prints because of their ability 
to react with certain organic compounds in the presence of 
light. Some molybdenum uranium compounds are both sensi- 
tive to light and are themselves radioactive. Molybdenum 
sulfide cells are sensitive to photoelectric influences, especially 
at low temperatures ; such cells differ from the selenium cells 
in that they are sensitive to infra red light. 8 Ammonium 
molybdate is widely used for the detection and estimation of 
phosphates and for the determination of lead. The Parker 
rust proofing process consists in cleansing iron or steel by sand 
blast, then dipping first in sodium carbonate and then in a 
solution of the acid metaphosphate of molybdenum or tungsten, 
and finally coating the metal with a special oil. 

The carbide of molybdenum is very hard, and by heating 
in an iron or carbon mold until it becomes crystalline it may 
be used in making tools, dies, and bearings. Patents have been 
issued in Great Britain for the preparing of very hard tools 
by shaping molybdenum, then hardening by adding carbon 
by means of the cementation process. 

Compounds. — In its compounds molybdenum displays va- 
lences of two, three, four, five, and six. Of these the first four 
classes are unimportant and relatively unstable, while most of 
the compounds met are derivatives of M0O3. Table XXXIV 

1 Chem. and Met. 21 153 (1919). 

1 F. PozzPEscot, Compt. rend. 135 801 (1902). 

* F. L. Hess, Min. Resources U. S. for 1908, p. 746. 

* Min. and Sci. Press, 108 860 (1914). 

4 U. S. Bur. of Standards, Sci. Paper No. 338. 
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shows the relationship between these classes of compounds. 
The compounds of lower valence are produced by the reduction 
of those of higher valence. When a soluble molybdate is re- 
duced by nascent hydrogen a characteristic series of colors is 
produced as the successive stages of reduction are reached. 
Oxidizing agents on the other hand readily yield the higher 
compounds. 

Molybdenum shows particular fondness for producing com- 
plex salts some of which have enormous molecular weights. For 
example, there are polymolybdates containing as many as 10 
molecules of Mo0 3 in combination with one equivalent of the 
basic oxide, as well as polymolybdates containing larger per- 
centages of the basic oxides. Much confusion exists as to the 
relationship between these classes of compounds. Forsen 
contends 1 that all known molybdates can be derived from two 
acids which he calls molybdic acid, H t Mo 3 0| 2 , and metamolyb- 
dic acid, H 8 Moi 2 0 39 . Postemak 2 in discussing the so-called 
par amolyb dates claims that they do not form a distinct group, 
but that they resemble the ortho- or metamolybdates, the 
differences being due to the degree of hydration. He also ex- 
presses the opinion 8 that the usual classification into ortho-, 
meta-, and para-salts has no basis in fact, but that there are 
only two groups, which he designates as the hexabasic and tetra- 
basic polymolybdates. He describes 4 certain very complicated 
hexabasic polymolybdates of which hexammonium dodeca- 
molybdate, (HN 4 0) 3 MoO(0 * MoO 2 )i 0 O • MoO (ONH 4 ) 3 • 6 H 2 0, 
may be taken as an example. In addition to these compounds, 
molybdenum forms numerous phosphomolybdates which con- 
tain P 2 0 8 and Mo 0 3 in the proportions 1:5, 1 : 15, 1 : 16, 1 : 18, 
1 : 20, 1 : 22, and 1 : 24. There are also arsenomolybdates 
containing As 2 0 6 and Mo0 3 in the proportions 1 : 2, 1 : 6, 1 : 16, 
1 ; 18, and 1 : 20. Other complex salts are formed with the 
acidic oxides of antimony, vanadium, sulfur, tin, silicon, 
manganese, and iodine, but these salts are little known, 

Oxygen forms definite compounds with molybdenum of the formulse 
MojOj, Mo0 2 , and MoO«. There are also reported by various authors many 
other oxides which are more or less uncertain, such as MoO, Mot0 7 , Mo 2 05, 
Mo 5 Oi 2 . and Mo»C>8, MotO 20 . These complex oxides are usually regarded 

t L. Forsen. Compt. rend. 172 215 (1921). 8 Ibid. 172 114 (1921). 

s S. Postemak, Compt. rend. 171 1058 (1920). * Ibid. 171 1213 (1920). 
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didnnnl I liii jim-ipimii- aii inrjuir*- jn-iitKlivilrnxiili- ami di-ov th<'i-\i*iteiie|i 
of MufOll),. Hmvr-vrr, Jin- •••iiii|hmih 1 nf tin- formula MntltOlli, ha* 
lai*n jirrjwrt'il liv 1 Iri- mliictinn nf a .minima nf imim-ituum |inraiimlylwlittf', 
It in n dark gni-n inn** vvhn'h l*-i-Mini*t. MnO, wln-i, dried in it vm-iillin, 

IhiunlyMt nnm jnut-ir >rir , Mn,li t , i« i, dark vink-t [mw-ih-r nl.taiiii-il hy 
gently heating MnOfOIDi in ('<>,. It n mlnliln in ImtJi 11<*1 and 1 1 ,,St 
tin- gullibility ilii-tr.-miny with ini ren.***- nf ti-injH'raiitri-. 

Till! hiptrvxiitr nf [H'lil.i vali-iit lt*» ill 1*1>-|I>1I1« in K*-rt*-rnIly Muf tfftlf 
although ntlirr liydru\nlu» haw Im-tt ilin.-riliml Wlmn ihluti- mnituiJitn in 
mlclcfl to a ililutr wiliilinti nf Mn* ii |fn-i'i|!tt!it<- fnmn wlm li no ilryiiiK nviT 
l‘,Oi low tlm fnruiiila Nfnt ticiJli,, It rmw'uihli-M fi-tTid liyilrnniiln m nji- 
jKinratmc, cliwuilvi-H in wnti r, and form* i iill-tt-l.il mint min tiwlily. 

MttbjMmtm trxixi'ir • Mnf fnriui In- far I In* nm*t it»i|dirtnnt imrira 
nf ttiiilylMlntitim nmi|Himnl*, It |m wuni-wlint Iwan- in tmtnrv, fnnmutc 
lidxnvitloitt. Itnlidi'M nr i>xy-*ilt*, Imt th<*v nr*- not nf uri-nt inijmrlnni-o. Tim 
triuxido in (lidtiimtlv ur-iilir, fnrnniin nn|**irt ant n-ri* '* nf «i'mjili* and <-)itnfih*x 
tiinlyblntod. M*iO» in fntind in jmm ft inn m imHiri- ami mny la- pn*f>nml 

1 JUanmtnmil, ,/mrr, firnkt, Chrm. 77 Uft f ta.'itn, 

5 Miitlunami anil Nagel, lUx, SI •jtttnt ItaOH), 

• Mallimnon. I orb, Ann, SS8 tun f 1 *H7), anil ( fair hard, Ann, ebim, ph y». 

(7) as 4 iiH, 

' thilrlmnl i-lalnm Mat), in i lie nafy midi' nhtainwl hy miming MnOj In 
hydnwi-a. tmd. 139 Ti'i fiwgii. 

• Klttwia, Her 84 1S3 f 11HM), and CuKti.ifil, < „ n ,t , r „d. 14} 744 (1000). 

• i!. Hurgi-r, Ztil. au-iry. allyrm, (% m. U1 340 11033). 
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from tin' sulfide on* liy roasting in nir, when the trioxide nitty he removed 
hy Kill ili i ii. 'i I inn ni‘ (ILskhIvwI nut with .•uiuimliia. It, nitty hIkii he prepared 
l>y healing imtlyhdemim mill iiitui.v nf its compounds in nir ur hy treating 
the metal mill its cniMjiiiimils with UNO*. It, nmy lie obtained ns u fine! 
white powder whieli turns yellow when heated ur ns it light yelluw c.rys> 
talliue muss. It. sublimes readily in nir, forming kiduH colorless rhombic, 
t nl ih*t s. It iK muni soluble in cold water than in hut, anti its solution turiiK 
1 it >t It ljtmilK null tnrtoerie pnpi*r. 

Moii/lxlir Kriil, 1 ll a Mo<) 4 , is obtained ns it white crystalline (niwder when 
K Hfdtlliuii nf MnO» in nitric acid in evaporated at, nrdimiry temperatures. 
The hydrated form, I l a Mof l 4 • !!•/ IfMoi ), - 2 IL/t), is uht.ained when ntti- 
ttfitniiUK iwd, violate solution is acidified with nitric acid and the solution 
nihiwed tu evn[Hir;ite siwintnnouiisly. 

.Ue/t/A'Ai/ni of the alkali iiicIjiIh are soluble in water and are easily fnrtned 
hy dissolving MnOi in nlknline H»hi|iun. Mulylslutes uf ether metalK 
are insoluble, and tire fnrmed hy precipitation nr fiiHi’im tncthndK, The 
niirtaa! km its, R a Mn0 4> ttre tmt, stable, hilt readily form |ndyni<»IyiiilateH nr 
condense with ether acidic oxides. 

The must itiiiNirtnnt tunlylnhitcK are the ammonium nallK. The Halt 
usually known as " attinietiinni molyhilntc ” is obtained hy evaporating 
a solution nf MnOj in utuiiiimia, Its eetiijinHitiua correHpnndH hi the 
formula (.Vll 4 )tM«d> a <* 4 1 1 •/ 1, tin; pnrumulyiiilnlc, although conductivity 
tni'iiKiiri'ineti tn indicate that it is a double salt, nf the fnrniulit 
(NU 4 >,II,MoiOu- (NILliHiMosOu 5 and other physical measurements lead 
to the formula (NTl 4 ;io.\hiu(> 4 |.- 1 

I nUnmdialr, axiilcx nni formed when molyhdic acid or a tnidyhilntc 
solution is reduced hy such reagents as sidfur dioxide, hydrogen Hidtide, 
stntirinUK eldoridc, hydrogen iodide, or hydrazine, or hy molybdenum, zinc 
uhuniuintu, iron, lead, or copper. The resulting solution has a ehn.ruc.ter- 
iitie lilue color, mini mm ly ilcsignn|.ed as " iiiolyhdciuiin hlue," which 
furnishes a chu root erist ic test for the sidts of this a u •till. The fact, that 
die same eider is iiriohiccd hy adding n cold dilute solution of MnOj in 
hydniclilnrie acid to » solid ion of uiiuiiimiuio inidylnlate has led to the 
suggestion that tlwi hloe compound is a iiml.ylsleiiuni molybdate. Vuriops 
formtihn have I aim suggested for Uiis eoiopouuil, stieh ms MnOj • 2MiK)i, 
whieh might lie considered niulylnleluuii molybdate, Mu(Mo0 4 J a . Other 
fornuilie suggested tin 1 Mo a tl t , which is Mut) a • Mu(> t ; MonOo. which is 
Mirf t) • <1 Mol l« ; * Mod )», which isMuOj • 1! MnO«. 6 It seinns probable that, 
several comiHiunds of this order exist,, mid, ns suggested hy Junius," these 
tire prohnhly derivatives of trtolylsln: mail, whieh are analogous to Jilms- 
jiloiinolyliiHeneid. 

' For summary' of the acid* of molybdenum, see O. F. IfQttlg, Zr.it. ange w, 
Chnn. 38 III) I (l»22). 

• Kl/ison, /fir. 84 183 ( HMil). 

’ Junius. Z fit. a nor a . Cheat. 42H fllSWi). 

> ( Jiiichnrd. f'n -m/rf. rind. 149 722 Rogers unit Mitchell. Jnar. Ant, 

Chrrn. .Sir. S3 450, f 10001 ; Junius, %>:U. uwry. Chrm, 48 4— <1 ( ItKtfi). 

1 Junius, ibid- 48 42b ( 1005). 

* Luc. cii, 
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Ariiiinmiuiii phiispltimndvliihfte 1 !*' nddeie Jo ;t •«**!* jr.u 

(if a molyhdnte, limt. inuinniiiu, then :i Miiidl Hifemnt *•! :i <iJ*lti>*;i ><! nrtlt*e 
|iluw|ihnriff arid in nitrie arid. it i . throw n down . a » >n >rv i * i 1 • • \i pnw* 
(lor, wry sparingly wilulde id wafer mol dilute m o! \u • - ■< *,f |»W» 

plioriit livid prevents thv j«r»-i-i| nJ wluh* the nr.- <•«,*»■ • -! Jr. dr*elil*>rte 
m-itl or its mills and "f tunny i.rgiune m id <v\.*i»i :**. i ( * Imehr •> the m 
notion, The previpiiiite vvlivti dried ;d<t.v>- imp !.< < wiijo-nx rii(iip'«i> 

tioji represented liv t lit- formula (Nil, >1’» t, U %!••**,, m « 1.4*1/ tin- rutin 
I’jO*: Mn< >, in 1 : - I. Tin- Iiydrm*->1 ppripiltiti- >»u»l«*»il.f.-*Hv hit' a [oop* 
complex fonimlii. 

PhnHiJwwalfihrltr (i mi, II, !'•>.- 1‘JMutt,. i‘ |To|.dr*d hi tn-niiiiy fie' aim 
mmiilmi milt with Mieeew*ive emull <|u»u(iin--i of :i*|'vi p-vi:i. \\ !»»•», tl,p 
eomliitied extracts nre eviijMirnied, In .Iron 1 ' needl*,-.. . p. -v out ; these 
are n •tidily sobthle in wafer ;itid ate mho*! n< a reagent f**r idhalnid* an* I in 
precipitate iimiiiiiniitiH, |»itnw*ntu. ridodnuu. » :»•- -,*m». mid thidli'wi. Pre- 
cipitiltiuu t, idles pilin' in n htriuigly mol mdutvii, u loll milts >if sodemi, 
lithium, mid tlio lionvy metals nre n«t liiniwn >l»w» 

Pcrmoliiluhr tir ei»ioin/vWir odd. 1 1. Mo’ 1 / 1 1 ,1 1, i , idttmiii-l ns n p-d» 

dish ortiugv jiris-ijiiJni*- wlien M«,t), i> fronted with fl < 1, <.n n »teun bath 
mid I'ViijiorntoiI under reduced jir***ur«- !'<ruv>l' Mites of i In* general 
formula M'jl ) • 'i Mn< J, Mo* >, ■ -l !!>• >nro”l**mii>*l wlo'ii the :<H ali tunKli* 
ilntes nre dissolved in II ,< »;. These ••><in|K»iind» lire not stable but middy 
yirtlrl oxygen wn healing. 

Detection.’ Molybdenum is pn-eijotiited d-eib. ]<v IKS fp«u mid 
solutions, liest. nl ti-iiiiti riitiins U twn ii 7’t* und ‘at*, Pot r*>mp|ete pr»*» ip- 
i tut, inn ran lint !«• scrim'll without the of :< pressure J**lfle M nX i 
dissolves readily in wiirrn (NTitijXf, forming <NU,f»M*»S,, oho It on midi- 
flrntirm yields flu* trisullide. I'ridwMv tie- most . Inrio t* ri*ti*' t*-*t for 
tint tnnlylslates is thi • play of enlor* Ihpingh I due, green. .ind dal!. brown as 
they are reduecd in seal snliiiiun l*v rute The triovi le itopiirl' n v*-Jlow- 
inh green enlor to the lili»«r|ii|w tlmw, mid in n Isir iv or ine rnro-iuir }»-».| 
prwltiees h rlmriicteristir jtrts*u ndnr in the nsliirinjr tl nn<- XV lion i» few 
drops of sodium plmsplntf,* nre n«ld>s| to n wdutioo of mnnioudiui rnolyl wlaii* 
in nitric nrid, a yellow enlor is priolueisl nud on worming a heavy yellow 
preeipitiite of ammonium phimphoiieiKlslide is formed \ «.|<iiio» of 
animoniuni molylslati* gives no ei*l*»r when Kt’NH t» ndded; l«il if this 
inixtnn* is mlueisl hy xiin- an intense ris| enlor npismrs wlueh ili*i»ftt«-:ir*i 
in thn presenre of hviirogi-n |»eptxidel.ut pot <»f ji|i.e.plinrie h* cd Tlte minr 
of MofCNH|,issiuiilBrfothnt of FeA'NKi,, Inti the «jus**r»neenf the 1st ter 
should Is* preventisl hv tin* nsseent hvdpigi n und Hie pp**en<-c of 11,1*0,. 

This xmithie avid tint ,* smd to I** id dr f*i deteet ."i v |lt“* iirnin* of molyle. 
dnnnni, is qniti* satisfaetury. The reagent is pn-pansl hy saturnting 
a snhition of KOI! in itlwdute wleohol with I X,, then adding :«) f ; oleuhot 
until a rloudiness np|»atr», ’Ilns alkaline solution kiaqis well, hut the avid 

1 Hee fVhneller and Powell, Annin n* af At Kero/s as*/ Orr* n f ih* Hnrtr fttr. 
menu, pp. lft6-0; Itureau of Mines, TteAniml Pnprt im. p, 4 (|«20> , Uuresu 
of Mines. Hull. 111, p, H (1010), 

* Heo ZeU. anary. (them, tM 73 ( 1010; , also r'Aitw, Ztg. U 777 l mV). 
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dues nut. Tii test for mnlyhilenilin evaporate the solution to he tested 
Ik miii.'i 11 hulk :itnl add xmiiliie arid slowly. A red ring forming ul. the 
junction nf tlic tun ]ii|iiiils indicates umlylidminu. (tbnmuitos iut.nrfo.ro, 
but. chromium iu <tti tor forms us well us vmuuliutn, tungsten, litnnimn, 
Dm! iiruriiiuit ilo tint. A colorimetric tuot.liiiil <>f determining molybdenum 
depends im this liclinviur. 

Estimation, 1 For the uu.dysis uf tniilylulcmun several mol.liuds uro 
iivniliihlc fur getting the material into siilutiuu. Fusion limy ho. accom- 
plished with NmjOjJ with K/'( ),, mu) KNOj mixture; ur with 

K!!SOi. The ni, 'ftcriul niiiv he deriiiupnsctl with input regia, imd if load is 
jiresent, sulfuric arid slmiild he lidded and tltii tnixtiiro evaporated to dense 
fumes. Fmii in with sodium peroxide is reenin mended ns efficient and 
rnpifl. In the grit viioetrir determination (if molybdenum it may he weighed 
as MuOj, 5 wliirli is pre|iarei! liy the ignition uf ammonium molylulute or 
AfuS), ur hy the treat meiit. ef the hitter with tlie nitric aeiil. 3 it nil stie.lt 
treatment care is necessary in the hentitig uf MuOj since it. is readily villa* 
tile at temperatures shove t(K)° l/iO®, The emuplete conversion ef the 
snlliilc to the oxide reijiiirvs lung ignition and a carefully regulated temper- 
ature, which should not, greatly exceed .'ifiO®. Moly! ulonum is suinetimes 
determined as MoS, whieh is ohtiuned hy heatjng the precipitated MuH« J 
in a stream of hydrogen. Reduction to constant- weight requires much 
time. Another method involves the precipitation of utereuruus mnlyh- 
date from u neutral ninlylnlutc solution hy a neutral tnemiruus nitrate 
saint i*m. The yellow precipitate so oht.uined may he lieated eautiously 
to ex|H'l mercury ami the residue weighed as MuO*; or the mnnuireus 
loulyl slate may lie heated to dull red ness in a stream of hydrogen produc- 
ing MoOj or to white heat, yielding metallic nmlyhdeumn j another plan 
is to best, mercurous mulylatiite witli a weighed ipiantity nf dry 1*1*0 until 
all the mercury is expelled, when the gain in weight is due to the MuO* re- 
tained hy the lend. Huth lead mnly! slate 4 uml luiriinn tnelylida to may 
Is* precipitated, dried, utel weighed as such. 

A small nmnitut of mulylalcnmn in tungsten may he determined hy 
extracting inulylidemmi ximtlmtc from a solution containing n little sul- 
furic acid hy menus uf chloroform.* Trivalenl. ursenie may lie separated 
from inulylidenuiti liy vaporization, partly as AsOI* ami partly as As(OMe)i 
at the temperature of the water hath.* 

Volumetric methods 7 fur the determimitiun nf molybdenum are partic- 

1 Hue Hi h'S'ller and Powell, Annlyei* of Mineral* and Ore* of the. Rarer IU&- 
mrnt *, tip. 1 (lit -1 70. Pur. uf Mines, Technical Paper 230 (1020) ) Min, and Hci. 
Pre «*. 117 3 lrt. 

1 Jour, ('hem, Hue, 114 (111 244 (tilth) ; Jour, Hoc, Ckem, tnd. 37 661 A 
(10th) ; Jour, prakl. Chrm, 87, IM (tilth). 

’ Zrit. anory. Chrm, 110 XJ (1020); Chem, Ztg, #2, 56 4; J. Ind. and Kng, 
Chem, 12 00K 0020). 

4 Jirur. Chem. Hoc, 114 (H) 244 (t«|h). 

* Dorothy Halt, Jour, Am, Chem, Hoe. 44 1462 (1022). 

• Moser and Ehrlich, Her, 66 B 430 (1022). 

7 See Campt, rend. 1*6 302 (1017) i Chem. Anatyet, 28 0, 1 1 (1018) and 27 23 
(JOIN) Can. Chem. Jour, 2 132 (1018); Jour. Ind, and Kng, Chem, 12 578 
(1020). 
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lilnrly iwifjitjildr Ik-whs*' tin- KT/mmi-tri-- iwf hods iirndvinv. uniiti-m. 
lire ditliciilt Mini linlixtH. A iI(>:(»lv;ifiJ;ti;*- in I !»»• iif of vt-lniif-Iri-- lurlliods 
in that. t.hry it rt 1 rcli.-dtli- nnlv in l In- olirir-v of utlirr iiiW;il *. < 'mi ->*tn--iiljv 

in tiff mmly.sis of nn t*rf, tin- iirily I«l>-uniif >•> mu t !*• nil v 

|ilirilif'd. In I f if n» !-‘i I nn-tlnd 1 :i wok }«I»-»jiitf » *>hn n>o i- niulith-d with 
IJjSO, mid tlii'ini|>ii :i /mi- ri il'ftor ml., f.'ni>< stiifnf- “-thilimi, thru 

|.lit< rfsultiu|i fi-rroii iifoii iiiriin-il wulf jf -rta:»HK:»if:ft*" I! 1 , i iiini ir iiu-flin-l 

iiinlvlitlfiniin :dts in ni'id "dill mu um In- ri-dm-i-d t If - trivihut *-•«)- 
flitifin with /.ini- .-mil Iitfutfd iJirii-tK with |»Tifi:iiiu"/f nr jiit i. -min 
h if in tv In tin- lc -\m \*: lien t -.fiit*- Hi '-nil iir-tli-r / kHIh-hJ Jlf ol>ild<- nioh l»* 
ll/ltf.M ill nvill Ml llllt f iff UI.'IV In' ri'llllfi-l t*» tlf • I» l|t :|V!|||-I|I • 'i!l'ltt|"ll 
inK with K 1 Mini tin' frif ii»liiif tilrut-'d with lino nl< :>t ; >.r tJu- fr»'«* mdiif 
limy |u< luulrd not, tlf- solution iicvli- dkdiif- uiHi KH<‘tti. mid ih- Mo* 
ifxiflixvd t»i M**" l-y *.tiUfhitd i«dw*' *»r iirriftatittuodr ’ Tit r ii ton wit!/ 

titiiiiiuiii flil-iridf in founfiotilv ii-rd 111 «li -t »-r it n n f u w tlf iiioh t'd- ififo »>>ii- 
tl'llt nf utri'ls. 1 SmiivtMiffM ilOiCfitinllll molvlnlutf |i lUrit'-'l with Irrtd 
Wftliti' solution in :i lifitiln-r jn'-t tlf ivvitw nf 1 If [liflliod lin'd for tlflvia 
Illitifit if ill of It-iid. Thin tort In »1 1 - nnlv ii J ij rl V n 1 >1*- t-i ~t (U I d<* 1 tiiliiliiliK 
I'liiv-iilrrnlih' iiifilylidrinuu lirrmiM' tlf rnd tmiiil in iunni<‘ ;>* i«l solution 
is nut nli.'irji, In ui-niT.'il. v*duin<-lrf iiit-lliiid* :<rr innri' iij<ji!i» uldc tth- li 
thr nrv Is hniiinlif Milo solution In fu *i-m 

* It. I». Ititxiliill. >ti*i 7*ni. -S' 1 dV. 24 :ti:i 't'MiTi 

J Sci'/f*it. iimI. t'ft'ii 20 VP . lt> * 1ft y*Miii . ,t»ii. J . .s. 1 fJVi 2 | ,V 1 , 

mt. is t i'i. 

1 M. To: v.'ri, t'om/it. u ml. lftft ' i'117/. 



CHAPTER XV 


GROUP VI — TUNGSTEN' 

Historical. — The name tungsten signifies " heavy stone ” and calls 
attention to the high specific gravity of the element and its ores. These 
heavy minerals attracted attention long before their nature was under- 
stood. Agricola in his treatise on metallurgy (1556) refers to the mineral 
now known as wolframite as " lupi spuma,” evidently, since this ore, which 
is frequently associated with tin, " eats up the tin as a wolf eats up the 
sheep.” It is probable that the German names wolfram, wolfart, wolfort, 
etc., are traceable to the same notion, and from these come the modem 
names wolframite, wolfram, and the symbol of the element. Up to the 
middle of the eighteenth century these ores were considered to be com- 
pounds of tin. In 1781 Scheele proved that the mineral then called " tung- 
stein,” now known as scheelite, contained calcium and a new acid, which 
he called tungstic acid. He also proved that the mineral "tenn spat” 
(heavy spar or mineral), now called wolframite, contains the tungstate of 
iron and manganese. Bergmann during the same year became convinced 
that tungstic acid was the oxide of a metal. The Spanish chemists, the 
brothers d’EIhujar, studied the mineral wolframite in 1783-86 and produced 
for the first time the metal tungsten. They reduced the oxide with carbon 
and studied the alloys of tungsten with lead, silver, and gold. Tungsten 
was used as a constituent of alloy steels as early as 1855, 2 and other uses 
were suggested, but the development of the chemistry of this element was 
slow at first and up to about the beginning of the twentieth century it 
remained a scientific curiosity. The introduction of tungsten into the 
steel industry as a definite alloying substance created great interest in its 
chemistry, while the manufacture of ductile tungsten and its wide use in 
incandescent lamps has made the name a household word. There is prob* 
ably no element of the whole periodic system whose chemistry has shown 
greater development in so short a space of time as has tungsten in the first 
twenty years of the present century. 

Occurrence , 8 — Tungsten is rightly considered a rare element 
because it is found in only a few minerals. Quite fortunately 
its ores are found in some localities in fairly large quantities, 
generally associated with tin. The ores of commercial impor- 

> For an exhaustive bibliography of tungsten see U. S. Oeol. Survey Bull. 666 ; 
also. Bull. 12, South Dakota School of Mines, pp. 164-236. 

2 Adolph Gurlt, Trans. Am. Inst. Min. Eng. 22 236 (1893). 

1 See Tungsten Bearing Ores, U. S. Tariff Commission ; also, Tariff Informa* 
tion Series, No. 21, pp. 290-318. 
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twice are of two general typos, selnsdite and wolframite. Tin* 
former is calcium tungstate containing. wlo-n pure. si).»; per **»*nt 
W().i, the commonest impurity being MnOj, which rs not an 
object ionnhic impurity f»»i* I In* manufacture <»f alloy steel*, l»ul 
is generally undesirable in making lamp filaments. Tbe .'-elc-el- 
iti* deposits are crystalline, white, yellow, or reddish iti color, 
bttf. never dark; the crystals are soft , easily scratched with a 
knife, ami the sjiecific gravity (to is noiiecably high, making 
mechanical separation easy. 

Wolframite is essentially a I ungstnte of iron ami manganese 
of varying proportions. Samples vary all the way from reason* 
ably pure iron tungstate, known .as ferberite. to relatively pure 
manganese tungstate, which is called Inibnerite. As would )«• 
expected from the close r*'l.alionsbip existing between iron and 
manganese, these two minerals rc-emhle each other in all j *liy^i- 
cul properties ami can only he distinguished by ehcjitieal analy- 
sis, Tht*y contain practically the saint* jterrenlagv of WO* 
(l'VWO, eon tains 70..'$';. ami MnWtt, emit .tins "tl.tT; Tech* 

iiiatlly samples of fire whic h contain more than 2<* |**r cent l et) 
are called ferlterite, while those containing more than 20 j*t 
ctmt. MnO ar>' known ns hhhjierite and intermediate materials 
am called wolf rn mite, Practically, however, esjievinlly in the 
absence of accnrati* analyses, the I<*rni wolframite j «. used to 
cover all materials of this order, 'llte mineral is either crystal- 
line or granular in form, always dark itt color, with a tendency 
toward brown in hlibnerite and shining Mack in ferlsaite, The 
mineral is soft enough tn !*• scratched with a knife, js very 
brittle, and shows i**rfeet rleavage, breaking into thin, lustrous 
flakes. The Hjioeifn* gravity is ,d**ut 7 „ r >, c»|iial l<* galena ami 
greater than enssiterite, with which it is commonly associated in 
nature, Practically all the tungsten ore produced outside the 
United States is of the wolframite type, 

Other forms of tungsten are found but usually more or less 
directly associated with tin* more common forms. Tungsten 
ochre is WO* and tnngstitc is its hydrated form ; ferritungstt'o 
is u hydrated iron tungstate; all of these are minerals of a 
canary yellow color formed by oxidation and occurring chiefly 
as incrustations on deposits of selioeljte or wolframite, Them 
are also occasional samples of poweflite, ('a(MoWjf),, etipro- 
Bcheelite, (CuCa)WO|, and tungstates of eopjier and lem 1. 



TUNGSTEN 


265 


The world’s principal supplies of tungsten have come from 
China, Burma, Japan, Australia, Bolivia, 1 and the United States, 
while smaller amounts have been mined in England, France, 
Germany, Portugal, Siam, and other countries. For some time 
the United States was the world’s greatest producer of tungsten, 
but from 1913 to 1916, Burma produced the largest amount, 
In 1916, China produced 110 tons; in 1917, 1200 tons; and in 
1918, 10,280 tons, the largest amount ever produced by any 
country. The Chinese deposits are in four provinces, 2 and the 
deposits are in the form of sands or pebbles in the streams or in 
small veins in granite rocks. Estimates of the ore in sight run 
as high as 100,000 metric tons. Most of the mining is done by 
hand labor, chiefly by farmers at odd times. 

The Burma deposits cover an area 750 miles long, which not 
only supplies much tungsten, but also yields the greater part of 
the world’s tin. The tungsten deposits have been known since 
1846. The principal deposit is in the Tavoy region, which 
was lost for a time and rediscovered in 1909. 3 At present 
this district covers 5308 square miles of territory. Most 
of the wolframite is found in lodes which vary in thickness 
from a few inches to 5 feet and are known to extend as far as 
2| miles. 

In the United States, nearly all the tungsten is produced in 
California and Colorado, with Arizona, Missouri, Nevada, New 
Mexico, and South Dakota producing small amounts. The 
California supply includes the largest scheelite deposit in the 
world, while Colorado has the highest grade ferberite deposits 
known. Production in these two states has been almost exactly 
equal during the past five or six years. 

The world’s total production in 1909 was 5250 metric tons 
of concentrate, containing 60 per cent W0 3 . The production 
under the stimulus of war conditions rose rapidly, reaching a 
maximum in 1918 of 30,000 tons, of which China produced more 
than one third. Since 1918, production has fallen off materially, 
or ceased entirely, especially in countries where labor cost is high. 
The production continued for a time in the Chinese fields, 
though at a greatly reduced rate. For a time certain Colorado 

* See "Tungsten in South and Central America/' Chem. and Met. Eng. 26 
698 (1922). 

2 C. Y. Wang, Eng. Min. Jour. 109 16 (1920). 

* Jour. Soc. Chem. Ind. 39 44 T (1920). 
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tungsten plants, lorn ted within 50 miles of rich tungsten de- 
posits, were minified to rtui n|xfn the cheaper Chinese ore. 

Concent nit inn of tungsten ores is almost invariably carried 
out at. the mine and in easily effected li.v any method which lakes 
advantage of high specific gravity. I ‘snally ll»e met hod of wet 
crashing and hydraulic classifiers is employed. (la account of 
the brittleness »f wulframile and its perfect cleavage, notch of 
the ore is pidverixed to such a fine slate that I he losses are heavy. 
Pyrite is removed from the concentrate by roasting and a mag- 
netic separator, since wolframite is with difficulty rendered 
Jiiugnetie. by roasting. It is. however, sufficiently magnetie to 
permit its se|«imtioii in this maimer from tin and other heavy 
minerals. 

Under the stimulus of the wartime demand for I nngslen, grind 
improvements were made in the commit ration of the ore, 
especially in the Boulder district which now is saidtoolitain tltc 
most efficient eoneentration of any locality in the world. The 
former heavy losses tin* decreased by stihsl it id ing rolls for stumps, 
thus permitting the recovery of the course nmcenl rates Iwfnre 
the hull mill treatment : and by improvements in the "rug 
plant,” which saves much tungsten formerly lost in the tailings. 
Attempts to use flotation and magnetic separation 7 have ls-en 
made, but the results are somewhat discouraging. 

That it is jHissihle to riuieeutrnte tungsten successfully from 
a low grade ore* under favorable market conditions is shown by 
the. statements' that a certain 10-ton eoneentration plant in 
Colorado, working with mill feed averaging nlwuit one [**r cent 
WO*, within four weeks from the day of starting, recovered the 
entire cost of the mill in the value of the products sold. Much 
yet remains to Is* accomplished in the nulling of tungsten ores, 
however, since the average recovery is said to Is* als>ut 70 per 
cent of the WO* contained in the ore. 

In 1919, the New York price per unit of WO* was $0.50 $X,50 
for Chinese ore, *9- $10 for Bolivian ore, nod $11 $12 for 
Colorado ferlieritc. In Drmnlicr, 1921, the New* York price 
was quoted at $2.50 $3 per unit of IM) |**r cent WO,; in 
January, 1923, it was $7.50 *$S, 

1 H. Fincher, f'hrm. and Mri 16 MU, 11 13 (t«l7| 

> H«*c nlw> Hitrlimclt nod I'uriil, Mm Sr) #•»**«, ISO 370 0030;, 

* H. V, Fur melon, Chm. and MH M 301 11018;, 
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Extraction, — Several methods 1 are available for opening up 
tungsten ores, the choice depending on the nature of the ore, 
the impurities present, and the purpose of the extraction. These 
methods may be classified as follows: — 

(1) Acid extraction, using either aqua regia or hydrofluoric 
acid. The former is suitable for high grade ores and concen- 
trates, provided arsenic, phosphorus, and fluorides are absent. 
The latter is best adapted to low grade ores, especially those 
which contain decomposable silicates. These methods are used 
in analytical practice. 

(2) Fusion with potassium bisulfate is satisfactory for ores 
containing arsenic and fluorides, but should not be used on ores 
containing phosphates. The melt is extracted with 5 per cent 
tartaric acid. On the large scale, this method has been recom- 
mended 2 for ores containing considerable tin. After fusion, 
the melt is extracted, first with water to remove soluble sulfates, 
then with warm ammonium carbonate solution. Tungsten 
forms in the fusion an acid potassium tungstate which is in- 
soluble in the first extraction if sufficient excess acid is present, 
but is soluble in the carbonate extraction. Tin is recovered 
from the insoluble residue. This method requires a large 
excess of acid sulfate in the fusion. 

(3) Digestion with caustic soda produces the soluble sodium 
tungstate, but it is not applicable to scheelite ores. There is 
also extracted with the tungsten more or less molybdenum, 
vanadium, arsenic, tin, aluminium, columbium, and tantalum. 

(4) Scheelite ores 3 are easily decomposed by hydrochloric or 
nitric acid ; or, they may be fused with potassium fluoride, 4 and the 
soluble potassium tungstate removed from the melt by leaching, 

(5) Fusion with sodium carbonate, sodium peroxide, or sodium 
hydroxide likewise produces soluble sodium tungstate, molyb- 
date, vanadate, etc. The caustic fusion method is adaptable to 
ores containing phosphates, fluorides, or titanium, The melt 
is extracted with water and on acidification tunptic acid is 
precipitated, Fusion methods are commonly used in large 
scale operations, 

1 Schoeller and Powell, Analysis of Minerals and Ores of Rarer Elements, 
177-182 •, Runner and Hartman, Bull. 12 So. Dak. Sch. Mines, 97—101. 

a G. Gin, Trans. Am. Electrochem. Soc. 13 481 (1908). 

* H. Lavers, Proc. Australian Inst. Min. and Met., 1921, No. 43, 101. 

4 G. Gin, loc. oil. 
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Of these methods I lie sodium «-;irJ mdalc fusion method is liy 
fur thff most successful on a larjre scale, the oilier pias'csves I 
chiefly serviceable fur a only 1 ieal purposes. A* carried oui on 
wolframite euiitsiniiiK 1 1 per cci>l tin. .fib per cent ***»j ij «*r. and a 
small iiiutnuit of silica, tin- me is crushed and fuse*! with Id per 
cent excess of sodium carlnmute to which some sodium nitrate 
is Hornet imes added. A typical reaction is: 2 l-V\Vll» -i ll 
+ 2 NnjOh 2 WAVn, • li-,o, ) 2 < < » v . Aft.-, beatum 
two hours at K(H)"' ( inn reverberatory fiirnace during which lie 
i miss is rabbled by hand, flic melt is drawn off into pan:-, cooled, 
and crushed. The soluble fnngstate is dissolved in waf» r and 
is sometimes rccryslallizcd. Then flic acid may )«• precipitated 
by ncidifinitiiiH ; or nn excess of t'nc'l, i« added. emisiiu! flic 
sepuriition of Cn\Vf)|, which is fhoroiftddv washed. When 
hydrochloric acid is added and flic material ln-ated to boding, 
H*Wt )« scpttralcs .as a yellow mass. This loaf* rial contain as 
impurities small amounts of lime, silica, iron, and alumina. To 
remove these it is washed, filtered, and converted to ammonium 
pnraUuifjsfnte, f,\Hi>n\V;O n . by mlding water and ,\ll,i»l!. 
und filtering off any residue. The ammonium salt is evaporated 
and the residue dried and treated with UNO,. The tungstic 
acid so formed is auuin dissolved in ammonia and tie- process 
repented, Finally the acid i- heated m fined •-dica war*- at 
IfXK)”, wlit'ii W< ).j is obi allied a* u jiowder, the color varying from 
pun* yellow to dull itrecn, depi riding on tic purity, 1 in ally 
a purity nf 91). 07 per cent is readied, ami most of the p-maming 
impurities ore removed during tie- reduction process. 'Hie 
oxide is obtained in the form of a powder, tie coat-eies* of 
which may lie emit rolled by regulation of flu- time and temfwra- 
t lire of ignition and the purity of the material, Tie* physical 
condition of the jmwder is of ureal importance since it deter- 
mines in large mnnsiire the working prujicrtiex of the metal 
obtained from it. 

A method of dream jsising tungsten ore* and forming WO, 
directly has lieen suggested. 7 liy this method the finely ground 
ore is mixed with curium and healed to in « stream of dry 
chlorine, Tire chlorides or oxychlorides of tungsten distill out 

> At the t'lmmeel t'luul. NorUf Chiomri. ■* f : H J,,iw». t'hrm nwtJM't. tl If 
( 1930 ). 

* Brili*h Patent , KH.HUl. 
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of the mixture. Tlio oxide is producer! by hot water or by 
heating in a stream of uir which carries away the chlorine, 

Metallurgy. Tungsten may he obtained in metallic form 

by several methods : (1) the oxide may be reduced with 

hydrogen, carbon, zinc, aluminium, 1 or magnesium; also, by 
silicon carbide, boron, and silicon ; s (2) reducing the chloride 
with hydrogen ; (U) heating the nitride ; (4) electrolysis of the 
double sodium tungsten chloride. Of these processes only the 
first t wo are of commercial importance. 

Reduction with carbon is accomplished by heating dry W0 3 
with a slight excess of carbon in closed crucibles at a temperature 
of 1400" (*, At the end of the operation the metallic powder 
contains excess curiam and some unreduced oxide. To remove 
these the mass is elutriated with water, and the material so 
removed used in the next charge. A purity of 9H per cent may 
1«> realized by this method, but the product always contains 
carbon as an impurity, which renders the metal too brittle for 
mechanical working. It is, however, suitable for use in making 
alloy steel and is cheaper limn the metal obtained by reduction 
in hydrogen. 

Reduction of W() a with pure hydrogen yields a very pure 
metal suitable for tungsten products or drawn t ungsten, but the 
process requires skill and care. The process is successfully 
carried out by putting the oxide in long, shallow nickel trays 
and placing these in quartz tubes which are heated by electrical 
resistance, The teinjieratui'e must be raised gradually in order 
to prevent fusion of the oxide before tig* reduction starts. If the 
material fuses, only sufierficiid reduction takes place. The. tem- 
jHTiitnrn required is client 1200”, ami about 7 hours are needed 
to effect complete reduction. T>[>on removal from the furnace 
the tungsten is in the form of a gray powder, whose apparent 
density varies from 1.2 to 6.0, dejiending largely upon the 
density of the WO* used, The powder is then placed in a mold 
and subjected to a hydraulic pressure of 40 100 tons per square 
inch <if surface. This forms fragile bars or ingots in which the, 
individual particles are held together mechanically. In the next 
step, culled baking, these ingots are toughened by a preliminary 
heating in hydrogen in an electric furnace which is kept at 

1 Klccklrur.fo m, Zt U. 26 20 (1020). 

* R M. (kffllwt. t;. H. Rat*. Win. 329 ; 854,01 8; 930*027 ; 930,028. 
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11 i tout \mr. After IIuh proves* tin' h.'irs nutv In* handled 
without danger uf breaking, Out »ln*y mu- xtii! porou-, runtum- 
ingnlmnt -HI jH-r mil void*. 

In the next prores*. I In* I tan* :*r»* t-iiili-ml Uv heating elee- 
trie ally Iietwei-n tnngf'im eh-eirode* in an atmosphere uf 
hydrogen, The limv <>f I lie low v< >li ago eurreiit uxrd v- mi regu- 
lated that ft lri>i|HT;ilitrf “f approximately .TJHO ' < ' i^ t thtninod. 
Thix 1 m i q<ern luru is Miflieiont i« t'aiiM' 1 1»<- individual pjirl i**|»*H 
uf tungsten In adhere to mi*- nimi tt'-r. Inti c\ir*-rtt< •rare i- needed 
nut to fum* the metal, sim-e tin- fiiMtl natal lx highh ery-talline, 
brittle, nntl inajMiHHil In work. {Hiring the MtiO mijj proer**, 
crystals liegin In form, stroill at first, Out iiirroaxing in *jze a* the 
process is rontimied. Tins phenomenon is railed ti i'linnally 
"grain growth," ant) ax it continue* tin- void* disspjiear, fh« 
liar shrinks in mm*, am! lieoutiir* vry and show* definite 

metallic prujK rtiuM, but it is Mill quilt* !>rit ♦ I»*. If sintering is 
continued too lung, or ton high a temperature i* used. tin* crystals 
liecome tuo Inrun, producing n brittle product which rannnt la* 
worked,’ It in easily won that tin* size of grain* in t li»* tungsten 
janvdrr line a marked inliitonri* iijk<o th* pruivs* of grain growth, 
and hriii'f* is an *ni|Kirtant far tor in determining ih« projsrtte* 
nf tin* metal produced I»y tin- sintering. 

In the next process, vvlufli ix mill'd " swaging," the tungsten 
ingot* arc heated t»> iiIhuii HUH) ' m an Httni»*plicii* uf hydrogen, 
than placed in a inaeluno which i* fitted with k rapidly revolving 
mIihH, carrying a die, th< r size of which may vary, Ax th«*. shaft 
revolves, xit mil hummers air driven again*! the heated tungsten, 
several thuiixaiiii Mow* {x*r minute U*mg distributed regularly 
over tl)t* surface of tin* hnr. In this manner tin* dimin*tcr of the 
liar ih mlnml about -I j#*r »***nf during each treatment. Ity 
changing the dir* to a slightly smaller sine the tungsten i* worked 
down to tin* desired diameter, Ax the swaging rrintminx the 
trinfH‘ratun* i« grndunlly ri'durid to ulMnit W)M\ am] »o* the Imr 
elongate* it i* fotincl that the eryxialx themm lve* lireome longer 
and longer, A* thin proein* rmtlmin* tin* rm tal Ijeeome* mom 
and more dur.tih* at room teiitfierattire. If dnetile timgaten ia 
dew rod i the nwagiog m eontimiial until a diameter of about 

i Hot> Jeffrie*. M Am, Inti Min Km) So 119 'jmS (1910). Jpffrum and 
AreW. t.'hrm. awl Mel 8ng it TWt (19’J’O . Ja<u /eat, MeH)U , *7 

107 (t»3J). 
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0.75 mm, is obtained, when the wire is sufficiently ductile at 
room temperature to permit cold drawing and working. 

If a rod of tungsten, which has become ductile at room tem- 
perature through the elongation of its crystals, is heated for a 
short time to a sufficiently high temperature, the long crystals 
are changed to equiaxed crystals and the metal once more be- 
comes brittle at ordinary temperatures. In such a condition 
it cannot be worked except at high temperatures. The tem- 
perature at which the elongated crystals change to equiaxed 
crystals is called the equiaxing temperature, and this tempera- 
ture becomes lower as the elongation through working increases. 
Thus a rod which has been worked until it shows a 24 per cent 
reduction in area is equiaxed by exposure to a temperature of 
2200° C. for 5 minutes. But if the reduction in area has reached 
99.99 per cent, the wire is equiaxed at about 1350° in 5 minutes 
or less. A longer exposure to a lower temperature produces 
similar results. In the equiaxed condition tungsten is brittle 
at room temperature, but it becomes very dutcile when heated 
to higher temperatures. It will be recalled that when the 
common ductile metals have become brittle through mechanical 
strain at moderate temperatures, they readily recover their 
ductility when heated to the annealing or equiaxing temperar- 
ture. Consequently, most metals are in their most ductile form 
when they are composed of small equiaxed grains. On account 
of the fact that equiaxed tungsten is brittle at room temperature, 
some metallographers contend that tungsten behaves in a 
maimer which is directly opposite to such metals as gold, silver, 
and copper. On the other hand, other workers point out that 
tungsten at room temperature is very much farther below its 
melting point than the other metals; that when heated it 
becomes extremely ductile at temperatures far below its equi- 
axing temperature, and hence it must be considered a very duc- 
tile metal, when the difference in melting point is considered. 
According to this view equiaxed tungsten is in its most ductile 
form if the metal is worked at the proper temperature. The 
question of the ductility of tungsten is the basis of the present 
tungsten patent situation, and important litigation has centered 
around this point. 

Ductile tungsten in the form of fine wire may be prepared by 
cold drawing, but usually this process is also carried out at 
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somewhat elevated temperatures. The temperature used 
varies from 400° to 650°, depending on the size of the wire. 
The drawing is done through a cylindrical block in which the 
diamond is fixed. The size of the die is reduced very gradu- 
ally, at certain stages the interval is reduced by as little as 
0.00125 mm. Thus a very large number of dies are needed, 
since the wire may be as fine as 0.005 1 mm. 

In the preparation of lamp filaments it has been found de- 
sirable to introduce 0.75 per cent Th0 2 , before the W0 3 is 
reduced. The thorium oxide appears in the final product as 
small globules, whose presence influences the direction and 
degree of grain growth, giving a tougher filament. 

Ductile tungsten has also been produced by electrolytic depo- 
sition. 2 If W0 3 is dissolved in boric acid at 1200°-1400°, 
the solution may be electrolyzed, the deposited tungsten being 
sufficiently ductile to permit drawing through dies of high speed 
steel lubricated with talc. 

Methods have recently been described 3 for preparing tungsten 
filaments out of a single long crystal which will not cquiax. 
Hence it is claimed that the wire is more flexible, ductile, and 
has a longer life than filaments of drawn tungsten. The long 
crystals are made by preparing very fine metallic tungsten, a 
definite amount of Th0 2 is then added and the mixture made 
into a paste with a small amount of a colloidal binding material, 
A filament is formed by squirting this paste through a fine open- 
ing. These are dried at a moderate temperature, placed in a 
cylinder of reducing gas, and run through a furnace at a rate 
equal to the advance of the crystal face. If the heating is done 
properly, in place of having a series of small crystals which' are 
liable to break at their interfaces, one long crystal is obtained 
which is said to be softer at low temperatures and harder at 
high temperatures than drawn tungsten. Crystals 25 inches 
long have been prepared in this manner. A comparison under 
similar conditions after 1200 hours’ burning showed that the 
single crystal had not vaporized at all, while the lamp containing 
the drawn filament showed a material deposit, 

1 Such a wire is roughly one fifteenth the size of a human hair and has a 
diameter about equal to that of a spider web. The finest gold thread reported, 
3240 meters of which weighed one gram, had a diameter of about 0.0046 mm. 

* Eng. Min. Jour. July 27. 1918, p. 163. 

* J our. Ind. and Eng. Chem. 10 574 (1918) ; Zeit. Ver. deut. Ing. 62 15 (1918). 



TUNGSTEN 


273 


Properties. — The properties of tungsten show material varia- 
tion, depending on the degree of purity and the methods of 
production and treatment. The following statements are taken 
from some of the best recent publications and refer for the 
greater part to the ductile form of the metal. 

The density varies from 19.3 to 21.4, about 70 per cent more 
than lead. The tensile strength runs from 322 to 427 kilograms 
per square millimeter, approximately a third more than that of 
iron. 1 The clastic modulus is 42,200 kilograms per square 
millimeter, fully twice as great as steel. Coefficient of expan- 
sion is 43 X 10~ c , the specific heat 0.0358, the hardness 4.5 to 
8.0 on Moh’s scale, one of the hardest of all metals. It has the 
highest recrystallization temperature after strain hardening of 
all known metals. When a wire is composed of small equiaxial 
grains it is extremely brittle at room temperature, but when the 
structure is fibrous in nature the wire is ductile and pliable at 
ordinary temperatures. The electrical resistance at 25° varies 
between 5.0 and 6.2 microhms per cubic centimeter. Its duc- 
tility is so great that it may even surpass gold in this respect. 
It has the lowest vapor pressure and the highest melting point 
of any metal ; its melting point is probably exceeded by only 
one element, carbon. Melting point determinations vary from 
2800° C. to 3350° C., 2 the value 3267° C., given by Langmuir, 
being probably the best yet obtained. Fink gives the boiling 
point around 3700° C. 

In powdered form, the metal is hard, brittle, and crystalline 
and finds few applications. In the compact or ductile form it 
is much softer and tougher. It may be rolled into sheets, but 
it cannot be welded at any temperature at which it is worked. 

At ordinary temperatures it is entirely unaffected by air or 
water, but at elevated temperatures it oxidizes readily. Molten 
sulfur and phosphorus attack the metal slowly, while the vapors 
of these elements react with it vigorously. The metal is not 
attacked by alkaline solutions, but fused nitrates, peroxides, 
alkaline carbonates, hydroxides, and acid sulfates attack it 


1 It is obvious that tho tensile strength of tungsten varies enormously with 
its condition and treatment. See Z. Jeffries, Bull. Am. Inst. Min. Eng. 1918. 
p. 1041. A ductile tungsten wire of about .03 mm. diameter has 33 times the 
tensilo strength of tho sintered bar from which it was prepared. In working 
with other metals a sixfold increase in ductility is unusual. 

2 Eng. Min. Jour., July 27, 1918, p. X63. 
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readily, Salfnrie and Iiy*lr* i»* n> i»i h .%>• i»-> • it 

when I mill lit; lad and ronreiiliat* d, ivle n lie- :a»a,ii j- -low. 
Nil l ie and hydmthiorir ;»*-*«! h »v> huh m m>;>et|..n • -par:itely r 
hill a mixture id these two arid: l a l***,d -• tl •. * s *1 I»»j tiing't*n, 

The npplientioii of a limp* i :«''»• *4 1 ?U*hi i., j,ia- lump tali 
wife apjteaiN lu th»- la v ntnjie *4 tt)i<g» t* n and In 

lilxTille helium. 1 

Uses, Tungsten fin*I-- a gout v . m* n -4 u« whi*h nu»v !«• 
elitHHifiad as follow- : <ui <I»rtn* d e«»nt m m* lighting 
deviees, (rj iniseillaumus: uses of * |*»- Ha i ti and jt •■, .nipounds, 
(</i nun-fermil* alloys, and *» *lla- 1**4 trad* 1 *1 tlmse the 
latter lakes by far the larges? amount >4 tungsten. vdul*' tungsten 
ilimndesreiit lamps are tin* I* •t }, a*>wn and *)>■• » u It* i iws ui- 
dieutr Ilia pos-thihties id a great Iv were;,.,, d d« iitand hu ihm 
interesting metal. 

Tungsten null art (stint** are widely mw-d in spark roil*, v»dl 
regulators, telegraph krvs. and sutuTu d* vi<-e« tn of the 

platinum nr platinum-indium formerly n.nmlend essential, 
During the war time shortage <4 jd «t u.mn great interest was 
shown in tungsten {mint <. ami they ar* now regarded :«.* t.Mj*riur 
to platinum l swan so of the higher vaporization j«um , i la- greater 
hardness, and ft heat nuiduHiviiy wlm h is i«nr thtit <4 phili- 
mim, 1 The ms! is inm li lsdow that •>( i|i* platinum |xitnls. Jn 
preparing these tungsten roiit.ni * jmiiils goat rare js niT.-ssury to 
develop uniform hardness throughout , in ord‘*t in prevent , as far 
a* possible, the pitting nf tin- ]K.int*. These n.ntaet js«nl» art* 
MtamjMxl nut nf sheet tungsten, or a wrreof the desired diameter i* 
prepnred as already de*rril«rd This is th*-ti rut into pri»|**r 
lengths l»y « rapidly revolving wheel, whirl) is tnnd«* of v idea nixed 
rublter in whirh earboruiiduin is nul«*dded. These wlnsd* may 
la* 0.25 mm. in tlurkar** turd a! suit ;t or -I niche* m diameter, 
nrtil while they are rutting the tungsten they nr<* routed hy a 
stiihihh* liipiid, ’The tungsten hutt<<tr» made m this way ant 
brazed on to the steel holder by im atis of n thin mpjier dink. 
'This whole arrangement is leaped t»» a f«in|arature wltirb 
valorizes the copper, causing it to permeate Iw.th the sti***! 
and tint tungsten mid thus firmly hooting tin* two together. In 

1 Anitets.fi. Attmphyi.J H 37 tnrjut, W«<ull and IlMtdiwt, Am t.knn Sat, 
44 1HH7 Hum 

• Tram Am Inti. KUrl ting SI s?f| 
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this manner the contact screw is mainly steel while the exposed 
end is a button of tungsten, 

Tungsten wire forms an excellent material for winding electric 
furnaces, on account of the very high temperature which may be 
obtained. Temperatures as high as 1600°-1800° C- may be 
maintained by this means, 1 although at high temperatures the 
wire must be carefully protected from oxygen. 

Tungsten buttons brazed to copper form an excellent anti- 
cathode in the Roentgen tubes, because of the high specific 
gravity, high heat conductivity, high melting point, and low 
vapor pressure. 

Tungsten electrodes are efficient in certain electrochemical 
processes where the resistance to corrosion is a great factor. 

Tungsten-molybdenum thermocouples are useful, especially 
at high temperatures. They give an increase in electromotive 
force with an increase of temperature up to 540° C. and pass 
through zero millivolts at 1300° C. 

Sheet tungsten has played an important part in the recent 
marked advances in wireless telegraphy and telephony, since 
it is found to be a very efficient metal for the construction of the 
amplifier. The manufacture of sheet tungsten presents some 
difficulties and has only recently been successfully performed. 
The swaged bars are heated in hydrogen to 1200°-1400° C. and 
then rolled to the desired thickness. Much care must be used 
to prevent overheating, since this causes recrystallization. The 
rolled sheets have a tensile strength as great as 500,000 pounds 
per square inch. 

In lighting devices tungsten is used both as an incandescent 
filament and as a pencil in arc arrangements. It yields a bril- 
liant light, especially in its arc, which is rich in actinic rays, 
serviceable in projection, and ultra-microscopic work. 2 A tung- 
sten arc, called by the trade name of “ ppintolite,' ’ has found some 
use in England. It is said to consume about 0.4 watt per candle 
power. Tungsten arcs have also been used in an attempt to 
find an arc in which the illumination came from the surrounding 
gas and not from the electrodes. 3 The most successful results 
were obtained by sealing tungsten electrodes in a resistance 

1 Trans. Am. Electrochem. Soc. 20 287 (19X1). 

* Elektrotech. u. Machinebau, 36 345 (1918). 

! W. A. Darrah, Trans. Am. Electrochem. Soc. 29 625 (1916) ; Chem. and 
Met. 13 915 (1916). 
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glass bulb with an atmosphere of TiCh or TiCl 2 • Br 2 . An effi- 
ciency as high as 0.25 watt per candle power was obtained and 
the electrodes require little attention, so this method of illumi- 
nation appears to be promising. 

Tungsten is so efficient and so widely known as a filament for 
the incandescent lamp, that it may be said that the entire in- 
dustry of incandescent electric lamps depends upon this element. 
The industry began 1 with the carbon filament which for many 
years was the only material used. The first metal filament was 
made of osmium and was introduced by Wclsbach in 1898. 
These lamps never became popular because of the high cost, the 
fragile nature of the filament making a vertical position neces- 
sary, and the fact that only low voltage lamps were possible. 2 
But they did a great service in that they indicated the direction 
in which improvements were to be expected. The first metal 
filament lamp which was successful commercially was intro- 
duced by Siemens-Halske in 1903. It contained a tantalum 
filament, which permitted the production of a lamp of any 
ordinary voltage. On account of the fact that tantalum has a 
much lower specific resistance than carbon, the metal filament 
has to be two and a half times as long and one quarter the 
diameter of the carbon for equal voltage and candle power. 
Another difficulty came from the fact that at the incandescent 
temperature tantalum is very near the softening point, hence, a 
long loop or coil is impossible. These difficulties were overcome 
by divising the so-called “ spider ” arrangement, familiar in the 
later tungsten lamps. This permitted the lamp to burn in any 
position. These lamps quickly became popular, and between 
1905-1911 about 103,000,000 lamps wore sold. 

In the efforts to produce an efficient tungsten filament many 
methods were attempted, such as squirting a mixture of tunpten 
powder with a binder through a small opening and heating the 
filament, squirting a tungsten amalgam or other alloy, then 
vaporizing the alloying metal. Some success was met in pre- 
paring a filament by squirting colloidal tungsten, which is 
sufficiently coherent to make a binder unnecessary. But the 
real success of the tungsten filament came with the introduction 
of the drawn wire filament. The first lamps were evacuated 

* See Johnstone, The Rare Earth Industry, pp. 73—89. 

2 F. G. Bailey, Electrician, 52 646 (1904). 
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to prevent the oxidation of the metal, but the invention 1 of the 
nitrogen-filled lamp marked a decided advance. This has been 
followed in turn by the argon and neon lamps for special pur- 
poses. Table XXXV gives data for comparing the efficiency 
of various lamp filaments. The values given represent a fair 


Table XXXV 

Comparison of Various Incandescent Filaments 



Watts 

♦•Kit 

Canuck, 

PoweU 

Candle 
Power per 
Square Mil- 
limeter 

Temperature 
or Incandes* 
cenceCenti* 

GRADE 

Rat<o of Hot 
to Cold 
Resistance 

Carbon 


0.154 

1800 

0.5 

Carbon metallize . . 





Osmium .... 

1.5 



8.94 

Tantalum .... 

1.6 




Tungsten (drawn) 

1.15 


ISrefliTira 

12.12 

Tungsten (squirted) . 

1.25 

— 

— 

— 

Tungsten (N.-filled) , 

0.5 

— 

— 

— 


average and are interesting for comparison. The advantages 
found in the tungsten bulb filled with an inert gas are that the 
metal vaporizes much loss than in an evacuated bulb and that 
loss of heat is also less. Hence, longer life and greater efficiency 
result, while a material advantage, especially in stores, is that 
colored goods appear much more nearly true to their daylight 
colors than with almost any other means of artificial illumination. 

The production of tungsten lamps has increased at an enor- 
mous rate. In 1907 tungsten filaments were found in about one 
lamp in a thousand in the United States. In 1918 tungsten 
lamps comprised 89 out of 100, 2 while the carbon lamp had dis- 
appeared from the general market. In 1914 the total produc- 
tion of tungsten lamps in the United States was 100,000,000, 
requiring about 3 tons of 60 per cent concentrate. Two years 
later the production had doubled, 

Many applications for tungsten have been suggested because 
of its ability to resist corrosion of acid and alkaline liquors, such 
as gauze in centrifugal machines, frames and supports for filter 

1 Langmuir, Proc. Am. Inst. Elect. Eng. (1913) p. 1915; Trans. Ilium. Eng. 
Soc. 9 775 (1914). 

2 Gen. Elec. Res. 22 767 (1919), 
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presses, utensils 1 in acid plants, and scientific instruments which 
are exposed to vapors. Numerous other uses have been sug- 
gested, such as cross hairs in telescopes and galvanometer sus- 
pensions, where fineness and high tensile strength give it a de- 
cided advantage ; metal strings in musical instruments, where 
strength, elasticity, and resistance to climatic effects are impor- 
tant ; springs for electric meters and watches, where its non- 
magnetic properties make it useful ; pen points, useful because 
of its elasticity and resistance to corrosion, It is also suggested 2 
as a catalyst in the production of ammonia from nitrogen of the 
air, Tungsten would be an ideal material from which to fashion 
standard weights if it were possible to devise a method of shap- 
ing the pieces and adjusting their weights. 

Compounds of tungsten are also used for a variety of purposes. 
The oxide is used in ceramics to produce various shades of yellow 
in glass and porcelain. 3 Sodium tungstate is used to decolorize 
acetic acid and fireproof cloth, as well as for a mordant and 
weighting material for silk. Considerable fluorescent calcium 
tungstate is used for making intensifying screens for X-ray 
photography, while cadmium tungstate is used for making the 
fluorescent screens for visual observation in X-ray practice. 
Tungsten carbide has a hardness of 9.8 and has been suggested 4 
as a substitute for diamond in dies and drills as well as for bear- 
ings. The so-called tungsten bronzes are made by fusing to- 
gether an alkali tungstate and pure tin. These form various 
shades of red, yellow, or blue which are used for decorative 
purposes, 6 They are usually regarded as compounds of the 
tungstates with tungsten dioxide, somewhat similar in nature 
to tungsten blue. (See Intermediate Oxides of Tungsten,) 

Tungsten has a marked effect on the properties of alloys, con- 
sequently a great variety of alloys have been prepared, The 
usual effect of tungsten is to produce hardness and greater 
resistance to oxidation and corrosion. Some tungsten alloys 
are' said 6 to be actually harder than diamonds. Al uminium 
hardened with a small per cent of tungsten, called " partinium,” 7 

> Brit. Pat. Mar. 8, 19X7 ; also IT. S. Pat. 1,318,452. 

7 U. S. Pat. 1,175,693. 

1 A. Granger, Compt. rend. 140 935 (1905). 

4 Elektrochem. Zeit. 26 29 (1920). 

* E. Engels, Zeit. anorg. Chem. 37 125 (1903) ; Schaefer, ibid. 83 148 (1904). 

1 Elektrochem. Zeit. 26 29 (1920). 

7 J. H. Pratt, Min. World, Dec. 3, 1904. 
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is both light and strong and is used in France for automobile 
construction. " Sidcraphite " i * * 4 * is an alloy of tungsten with 
iron, nickel, aluminium, and copper, which resembles silver in 
appearance, is ductile, malleable, and resistant to corrosion. 
The alloy '* platinoid ” contains copper, zinc, nickel, and tung- 
sten ; both platinoid anti partininm are used, as well as ferro- 
nirkel, for sealing into the glstss of electric light bulbs, because 
t heir coefficient of expansion is the same as glass. Some tung- 
sten alloys are suggested for jewelry — an alloy containing 75 
per cent gold, 10 15 per cent tungsten, and 15-10 per cent 
nickel is easily rolled or hammered and takes a finer polish than 
platinum ; a similar al loy, in which silver replaces gold, is strong, 
resists oxidation, and takes a beautiful polish. The alumino- 
thermie process lots Ix-on used 2 to some extent in the production 
of tungsten alloys, 

The most, important non-ferrous alloy of tungsten is the alloy 
called stellite. 2 This alloy is exceedingly hard, quite brittle, 4 
silvery white? in appearance, is unaffected by any but the 
st rongest acids, and has found applications in widely different 
fields. It is efficient in cutlery, because it takes and holds a 
keen cutting edge, and does not tarnish even on contact with the 
most acid fruit juices. It has, also, given satisfactory results 
when made into |K*n points for fountain pens. The tips are 
made of hard stellite, 'welded to the malleable alloy, giving long 
service and freedom from corrosion. It is used for dental and 
surgical instruments, wood-working tools, and cold chisels, but 
its greatest use seems to be as a high speed lathe tool. A test 
made in Ijoring automobile cylinders in the inventor’s factory 6 
showed that, more than twice as many cylinders could be turned 
out in a day with a stellite tool as could possibly be bored with 
high speed steel tools. General adoption of such tools is delayed 
by the high cost, which is excused by the manufacturers on the 
ground that the tools cannot be forged, but must be cast and 
ground down, which makes the cost of manufacture high. 

Ferrotungskn is by far the most important alloy of tungsten, 


i J. H. Pratt, Min. World. Deo. 3, 1904. 

* Iron Ago, July 25. 1918. i>. 238. 

1 Hee EtwiMfd Haynes, Tram. Am. Imt. Min. Eng. 44 576 (1912) ; Tram. 
Am. EUtctrochem. Hoc. 87 507 (1920). 

4 A, J. Langhaminer, C'hem. and Met. Eng, 22 830 (1920). 

4 El wood Haynes, loc. oil, 
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and it has been estimated that normally 90-95 per cent of the 
tungsten mined finds its way into the steel trade. It is to be 
observed that in tungsten steel very considerable quantities of 
tungsten are required, while in all other uses a small quantity 
of the metal is sufficient. 

The manufacture of ferrotungsten was formerly controlled by 
German interests, but, with the intense demands of the war, 
numerous reduction plants were built in the United States, Eng- 
land, and France. At the close of 1918 there were 20 producers 
of ferrotungsten and tungsten powder, with an estimated 1 nor- 
mal consumption of 7500 tons of 60 per cent concentrate an- 
nually. These new plants generally produce ferrotungsten by 
the electric furnace method. 

Various methods are available for producing this alloy, such 
as the reduction of the ores by aluminium 2 or ferrosilicon, 3 but 
previous to 1900 ferrotungsten was made almost wholly by 
mixing the ore with iron and a suitable flux and reducing with 
carbon in clay lined crucibles in a gas fired furnace. Since 1900 
the electric furnace production has increased in favor and is 
now about the only method used. Reduction of ores of the 
wolframite type with carbon is easily accomplished 4 * in the elec- 
tric furnace, but scheelite ores give trouble because of the sticky, 
basic slags formed. An alloy containing 75-80 per cent tungsten 
can be produced, and low run wolframite ore can be used. The 
alloy is not tapped since its melting point is too high, but is 
allowed to accumulate to the end of the run, about 30 hours. 
As produced in this manner the alloy contains more carbon than 
is desirable for steel making, and a common practice 6 is to 
decarbonize by heating for 10-20 minutes after reduction is 
complete with a slag of iron ore, lime, and fluorspar. This 
causes a loss of 8-10 per cent tungsten, but the carbon content 
is considerably lowered. The average American specifications 6 
are : W not less than 70 per cent ; C not more than 0.6 per cent ; 
S = 0.06; P = 0.07; Si = 0.6; Mn = 0.6; CaO = 0.5, and 
usually no copper or tin, Probably the most common harmful 

1 E. J. Anderson, Trans. Am. Electrochem. Soc. 37 275 (1920). 

2 A. J. Rossi, Min. Ind. 11 693 (1902). 

8 G, Gin, Trans. Am. Electrochem. Soc. 13 481 (1908). 

4 J. G. Dailey, Raw Material, 3 67 (1920). 

6 R. M. Keeney, Trans. Am. Electrochem. Soc. 34 127 (1913) 

6 C. G. Pink, Min. Ind. 38 707 (1919). 
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impurities 1 in ferrotungsten are copper, tin, manganese, phos- 
phorus, and sulfur, Methods have been suggested 2 for improv- 
ing ores 'containing these impurities, but usually the ores are 
purchased on specifications which are determined by the use 
to be made of the product. 

The loss of tungsten in the production of ferrotungsten has 
been estimated by the Bureau of Mines as between 14 and 25 
per cent. These losses are largely mechanical, but are partly 
due to incomplete reactions. 

Tungsten steel has become one of the most valuable of steel 
products, since by its use in the machine shop each machine is 
able to turn out five times as much work in a day as was possible 
with carbon steel tools. The importance of tungsten steel as 
a war material is emphasized by the fact that one authority 
states that tungsten is a war essential of fundamental impor- 
tance, surpassed among the metals only by iron itself. Great 
Britain put tungsten second in the bst of contraband of war. 
The United States has been the greatest user of tungsten, as 
shown by the fact that although this country has been one of 
the leaders in the production of tungsten, since 1917 considerably 
more than half of the domestic requirements have been met 
by foreign tungsten supplies. 3 

The addition of tungsten to steel has the effect of increasing 
hardness, toughness, tensile strength, and elasticity. The most 
remarkable property doubtless is that of red-hardness, which 
means that the steel retains its hardness even when it is hot. 
This permits a tungsten steel cutting tool to be used at a speed 
3-6 times that possible with a steel whose hardness depends on 
its carbon content. As a result of this fact this material has 
come into almost universal use in machine shop practice for 
cutting tools. In addition, tungsten steel possesses properties 
which make it valuable in the manufacture of ignition parts of 
internal combustion engines. It has been found especially 
satisfactory for engine valves and seats of airplane engines. It 
is also used in making automobile parts, armor plate, heavy ord- 
nance, projectiles, magnets, saw blades, and various other uses. 

Tungsten steels are made either with the powdered metal or 


1 BvXl. 652. U. S. Geol. Survey. 

2 W. Baughman, Min. Sci. Press, 114 800 (1917) ; Eng, Min. Jour. 98 16 (1914). 

* Tariff Information Series, No. 21, p. 279 (1920). 
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with ferrotungsten, The use of the latter seems to be growing 
rapidly, and may eventually become the universal practice. 
About half the tungsten steel now made is prepared by the use 
of the ferro alloy. 1 The advantages claimed for it are that it 
mixes better on account of its lower melting point, and there is 
less loss by oxidation than when the powder is used. It is 
obvious that a uniform ferrotungsten is essential if results are 
to be definitely controlled. The steels are made either by the 
crucible process or in the electric furnace. The latter is claimed 
to give a superior product because it permits a better control 
of the chemical composition. 2 The tungsten is added on the 
top of the charge, and care must be exercised to get an even 
distribution and prevent settling of the heavier tungsten. 

Simple tungsten steel 3 contains no alloying element except 
tungsten, which is usually present in amounts from 3-6 per cent, 
while the carbon runs about 0.6 per cent, though as much as 1.0 
per cent C is common. Such steels must fee hardened by 
quenching; they are used chiefly for manufacturing permanent 
magnets, for electric meters and hand dynamos, and finishing 
tools for lathe work. 

Most tungsten steels contain other alloying constituents, 
especially the high speed, or rapid, steels. Chromium, vana- 
dium, cobalt, nickel, molybdenum, and many other metals are 
used along with tungsten for certain specific purposes. The 
per cent of carbon runs usually from 0.5 to 0.75, manganese 
less than 0.5, but the amount of tungsten is quite commonly 
12-15 per cent, while 18-20 per cent or more is used. Generally 
the effect of molybdenum is to reduce the quantity of tungsten 
required to give a desired effect. Vanadium is an important 
factor, the amount varying from 0.5 to 2.5 per cent or more. 
Chromium is considered an important factor in producing 
hardness, and it is present in amounts from 2-6 per cent, though 
some European steels contain as much as 9 per cent of this 
element. Tool steel of this type requires careful and skillful 
heat treatment, which commonly consists of heating to incipient 
fusion and quenching in oil or melted lead. Cooling by air 
blast is used, but produces surface oxidation, 

1 R. J. Anderson, Trane. Am. Elecbrochem. Soc. 37 276 (1920). 

! R.. C. McKenna, ibid. 37 3X9 (1920). 

* U. S. Bureau of Mines, Butt. 100. 
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Since the addition of tungsten increases the weight of steel 
uniformly, the percentage of tungsten may be determined with 
some accuracy by the specific gravity alone, provided other 
elements are constant. 1 

Compounds. — The compounds of tungsten resemble those 
of molybdenum very closely. It exists in several states of 
oxidation, the lower forms being more or less unstable and the 
forms from the highest oxide, W0 3 , being by far the most im- 
portant. The most important tungsten compounds are those 
formed when W0 3 is acting as an acidic oxide. The alkali 
tungstates are generally soluble in water while the heavy metal 
tungstates are not. Table XXXVI indicates the relationship 
between the various classes of tungsten compounds. The com- 
pounds of lower valence are produced by reduction and are as a 
rule of little importance. Reducing agents produce a series of 
colors, similar to those obtained by the reduction of molybde- 
num. It is to be observed that as the valence of tungsten in- 
creases from two to five, there is, also, some slight increase in 
basicity, at least so far as permanence and character of the com- 
pounds is concerned. This is directly opposite to the facts 
observed in the case of nearly all other elements. In spite of 
this apparent peculiarity, tungsten in its highest state of valence 
is mainly acidic. Bivalent tungsten is known only in simple 
compounds with the halogens ; in the trivalent condition tung- 
sten forms double chlorides with the alkali metals ; quadrivalent 
tungsten forms halides and double cyanides, besides the oxide, 
sulfide, and selenide ; pentavalent compounds include simple 
halides and oxy-salts, cyanides, sulfo-cyanides, and oxalates,* 
hexavalent tungsten forms halides, oxy-halides, sulfides, oxy- 
sulfides, in addition to the numerous and important deriva- 
tives of the oxide. 

Tungsten resembles molybdenum in showing a remarkable 
ability to form complex compounds. One molecule of an alkali 
oxide may be combined with 1, 2, 3, 4, 5, 6, or 8 molecules of 
W0 3 ,* while more complex molecules may contain as much as 
5M' 3 0 condensed with varying amounts of W0 3 . There are 
also formed many series of complex tungstates in which W0 3 
combines with varying proportions of the oxides of silicon, 
phosphorus, arsenic, antimony, vanadium, and boron, 

l Townsend, A. S., Trans, Am. Soc. Steel Treat- 2 133 (1921). 
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WCl. 

Gray (brown solution) 

Dihalide 
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— 

— 
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Double salts only 

w" 

wo. 

— 
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Grayish 
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Unchanged in air; de- 
composed b?* boiling 
| water 

Alkali sails soluble 
Saltj rouble 
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Oxygen forms two well-defined oxides, W0 2 and WO s - Many other 
oxides nrc reported, hut the existence of such formula as WO, W,0 3> 
W/)>, \V»Oj. WsO.4, W n()s is probably liest explained as a mixture of 
the element with varying; amounts of a definite oxide, or as compounds of 
WO, me) VVO3 similar to the intermediate oxides of molybdenum. (See 
P- 2. r fi>.) Thu aside prepared by the ignition of ammonium paratungstate 
is green . Tim eu lur is usually explained as being produced by the reduction 
nf part. nf the yelhiw oxide, to the liluc stage. This reduction may be 
caused by dust, or organic mutter and is catalyzed by light-’ 

Tanrphn dittrulr is prepared by reducing WO, with hydrogen or by 
hydrolysis of W( 3,. It is a heavy powder of red or brown color, strongly 
pyri ijdiorie ami easily oxidized to the liexnvalent state. It may be obtained 
as snmll detain drill crystals, which are permanent in the air and insoluble 
in 1 1(3. The lunarphous form is more readily acted upon both by air and 
hy acids, 

Ttmgxtm triaxielr, is found in nature and may be prepared by heating 
tungstic acid, 1 * * the metal, the, lower oxide, or the sulfide. It generally 
forms u yellow amorphous powder, but may be obtained in crystalline 
form; it is insoluble in water, but the hydrate is soluble. It is difficultly 
fusible, Imt. when heut.eii in hydrogen, it is gradually reduced, yielding the 
liluc oxide at WO, at retl heat, and later the metal itself. It is insol > 
Hide in all acids except hydrofluoric, but dissolves readily in ammonia and 
the idknlicH. 

Intermediate oxide w of tungsten are formed by the partial reduction of 
WO, or the tungstates, giving a material commonly known as tungsten 
blue. Tliu reduction may not form a single definite compound, since the 
reilnctiou is continuous from W()« to WO, or even to metallic tungsten. 
Many formula; have been proposed for this blue product, such as WA, 1 
WjO,, 4 W«(>n,‘ W»O l4 • Ilj0. n It seems reasonable to conclude that 
seven it different rcnripouudu aro formed under various conditions, and that 
these are probably liest, regarded as tungsten tungstates, quite analogous 
to molybdenum blue. Prom this point of view W 2 0 6 may be considered as 
WO, • WO,; W 3 0 8 as WC) a • 2 WO, ; W 4 0„ as WO, • 3 WO,; and W,On 
»s\V(),.4W)|. 

Twgxlir. aril,'' II, WO,, is obtained as a yellow precipitate when a tung- 
state is t rented with an excess of hot mineral acid. If a solution of a tung> 
stale is acidified in the cold, the hydrated acid, H,W0 4 • H,0, appears as a 
white, bulky preei|iitaU;, which is somowhat soluble in water, but readily 
changed to the insoluble HaWOf on boiling. Most of the alkali tungstates 


1 Van liinmjit, Zcit anorg , Chem. 119 310 (1921). 

* X>ruy studies <if WO, and its hydrates show that WO, is a different in* 
dividual from H,W0 4 . Zeit. anorp. Churn, 121 240 (1922). 

* MtUmcute, Ann. chirn. phge, (2) 60 271 ( 1835) - 

« Ideho. ibid. (3) 60 5 ( IH57) ; Pose, J. Am. Chem. Soo. 13 213 (1897) , 

* v. Itslar, Ann. Cbm. 96 255 (1H55). 

« Alien and Gottsehalk. Am. Chem. Jour. 27 328 (1902). 

1 Boa "Adds i>( Tungsten," G. V. Htittlg, Z. angeic, Chem. 35 391 (1922), and 
"Colloidal Tungstic Add.” Moser and Krlioh. Bid trim. u. Erie 3 49 (1922). 
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are soluble, but certain tungstates of potassium and ammonium are spar> 
ingly soluble. Tungstates of calcium, iron, manganese, lead, and copper 
are found in nature and may be prepared artificially by precipitation. 

Sodium tungstate, Na 2 W0 4 , is formed by the fusion of one mol of Na 2 C0 3 
or two of NaOH with one mol of W0 3 or by the complete dehydration of 
the hydrate. It is a white salt which exists in several distinct crystalline 
forms. It is soluble in water, forming a bitter, alkaline solution from which 
Na 2 WO ( • 2 H 2 0 crystallizes above 6° and Na 2 W0 4 • 10 H 2 0 below this 
temperature. The dihydrate is the usual sodium tungstate of commerce. 
An acid tungstate, 2 Na 2 0 ■ 3 WOs ■ 7 H 2 0, is obtained from the water 
solution of the fused paratungstate. It is readily soluble in water, giving 
a solution with a strong alkaline reaction. 

Ammonium tungstate, (NH 4 ) 2 W0 4 , is probably present when H 2 W0 4 
is dissolved in an excess of ammonia. When the solution is evaporated 
generally a paratungstate is deposited. Calcium tungstate, CaW0 4 , 
forms an amorphous white powder which has been suggested 1 as a sub- 
stitute for white lead. Barium tungstate may be used in printing on 
fabrics. 2 Most of the metals form the normal tungstate M' 2 W0 4 , and these 
salts are generally known in several hydrates. 

Metatungstic acid, H 2 W 4 0| 3 • 7 H 2 0, is prepared by decomposing the 
barium salt with sulfuric acid or the lead salt with hydrogen sulfide. It 
forms small yellow crystals which are readily soluble in water ; they form 
the anhydrous acid at 100° and the anhydride on ignition. 

The metatungstates are made by boiling the ordinary tungstates with 
tungstic acid until a filtered portion gives no precipitate on acidification. 
Most of the metatungstates are soluble in water and are prepared by re- 
action between barium metatungstate and the sulfate of the required metal. 
Since metatungstic acid is soluble, the acidification of a solution of a meta- 
tungstate produces no precipitate, but on long boiling H 2 W0 4 is formed. 
The metatungstates are also formed by electrolysis of a tungstate solution 
when the increased acidity around the anode produces the metatungstate. 
These compounds have the formula M r 2 0 • 4 W0 3 • x H 2 0. The amount 
of water varies, but it is essential to their stability. The salts crystallize 
well, those of colorless bases forming colorless transparent crystals ; they 
are efflorescent and isomorphous with the double boro-, phospho-, and 
silicotungstates. 4 The metatungstates give solutions which are rather 
weakly acid, with a very bitter taste, and in the presence of alkalies they 
revert to the normal tungstates. They are not precipitated by acids in 
the cold, but the normal acid is precipitated on long boiling. The meta- 
tungstates are distinguished from all other tungstate solutions by the fact 
that they are not precipitated by alkaline earth or other heavy metal 
cations except mercurous and lead salts. Ether precipitates metatungstic 
acid almost completely; alkaloids and other organic bases are precipitated 
in acid solution by metatungstates. 

1 Schoen, Jour. Soc. Chem. lnd. 19 740 (1900). 

1 Scheurer, ibid. 17 921 (1898). 

* Schaefer, Z. anorg. Chem. 38 174 (1904). 

4 Copaux, Arm. chim. phys. (8) 17 217 (1909). 
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Sodium metatungstate, Na 2 W 4 0 )8 ■ 10 H 2 0, crystallizes from solution 
in shining tetragonal crystals which effloresce in dry air. Amm onium 
metatungstate forms both a hexa- and an octohydrate. The latter loses 
seven molecules of water at 100°, ammonia begins to come off at 120°, while 
the last molecule of water is not given up under 200°. The hexahydrate 
is precipitated by the addition of alcohol to the metatungstate solution. 
Barium metatungstate, BaW 4 0 )8 ■ 9.5 H 2 0, is prepared by mixing hot 
solutions of Na 2 W 4 0„ and BaCl 2 containing a little HC1. On cooling, 
barium metatungstate crystallizes out, but it should be purified by recrys- 
tallization. The crystals are stable in the air, but at 100° they give up 
six molecules of water, the remainder passing off gradually up to 220°, when 
decomposition begins. Barium metatungstate is used commonly in the 
preparation of other metatungstates. 

Paratungstic acid is possibly present when dilute solutions of barium 
paratungstate and sulfuric acid are mixed,’ but attempts to concentrate 
the acid produce tungstic acid. 

Paratungstatcs are among the most important of the tungstates, yet 
their composition is uncertain. Marignac concluded that most of the para- 
tungstatcs were to be represented by the formula 5 R 2 0 ■ 12 WO s • x H 2 0 ; 
but a few were probably better represented by 3 R 2 0 • 7 W0 8 • x H 2 0. 
It is not impossible to conclude that these compounds are solid solutions 
of ordinary compounds. They are always hydrates which are completely 
dehydrated at temperatures at which they are decomposed into normal 
salts and insoluble tetratungstates. The alkali paratungstates are some- 
what less soluble than the corresponding normal salts, but the solubility 
of the other paratungstates is similar to the normal salts. 

Sodium paratungstate 1 2 may be prepared by saturating a solution of 
Na 2 C0 8 or NaOH with WOs', by nearly neutralizing a boiling solution of 
Na 2 W0 4 with HC1 ; or by adding sodium metatungstate to a solution of the 
normal tungstate. The potassium salt is made in a similar manner. 

Ammonium paratungstate is the usual salt which crystallizes from a 
solution of the hydrates of WOs in an excess of ammonia. It may be either 
5(NH.) 2 0 • 12 WO, • 11 H 2 0 or 3(NH 4 ) 2 0 • 7 WO, • 6 H 2 0, if crystalliza- 
tion takes place at ordinary temperatures. There are two crystal forms, 
needles and plates, both of which are stable in the air but lose most of then- 
water at 100°. At 15°-18° it is soluble in 22 parts of water (Marignac), but 
the solubility is easily increased, possibly by a transformation of the salt or 
by loss of ammonia. On boiling the solution ammonia escapes and the 
salt goes slowly but completely over to the metatungstate. The dry salt 
begins to lose ammonia at 60° and on ignition there remains either the blue 
oxide or, in an excess of air, WO,. Ammonium paratungstate is of great 
importance in the purification of tungsten material. 

Tungsten bronzes are compounds obtained by the reduction of tungstates 
of the alkali and alkaline earth metals. The composition of this series of 
compounds corresponds in general to the formula R 2 0 • (W0 8 ) x • W0 2 , 

1 L. A. Hallopeau, Compt. rend. 121 61 (1895). 

2 See Edgar F. Smith, J. Am. Chem. Soc. U 2027 (1922). 
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in which x may vary from one to seven. They are intensively colored .uni 
extremely resistant to both acid and alkitliite reagents; they arc attacked 
only by hot concentrated aqua regia fir fusiuii with such reagents ns the 
alkalies, sulfur, ammonium persulfate, ur aoiianiiiuni arid sulfnle. they 
may be prepared by reduction at. high tenijirnitnrc of the acid tungstates 
with hydrogen, illuminating gas, ur metallic til) ; by the elect rely tie cedin', 
tion of the fused polytung.stHt.es; ur by the fusion of a normal tungstate 
with W0 2 in the absence of air. Lit.hiurmtirngsten bronzes vary from steel- 
blue to violet ; the sodium ttnfl potassium bronzes we gulden yellow, j.nr|>lo 
red, violet, or blue ; strontium gives red, earmiuc.or violet, while the barium 
compounds are dark red, yfdhiwislnreil, ur violet. 1 hose materials are used 
as substitutes for bronze powders. 

Complex tungstic aci<h arc numerous tuid interesting. Phosphoric, 
arsenic, antimonic, vanadic, and horie oeids condense with varying ami, finis 
of tungstic acid. The ratio of the other oxide, to WO, varies from 1 : 7 to 
1 : 24 or more. 

Phosphotungstic acid, TIjT’O, - 12 WO, • r lljO. is iibtoitgal as heavy 
greenish crystrds when a saint ion containing the mrrcct proportion of 
orthophosphoric and metotungstie oeids is evijjsirated; or it may be 
pared by adding sulfuric; acid to n concent rid isl sohttinn of sodiuto pirns* 
phate and sodium tungstate and extracting the phosphotougstic acid with 
ether. This acid is commonly used for precipitating alkaloids, proteins, 
and potassium and ammunium intis. 

Silicotungstic acid,’ 4 II, O • HiOj • 12 WO, • 22 11,0, forms yellowish- 
white rhombic crystals which urn readily soluble in water, idcohol, and ether, 
Mercurous siliootuugstate Is insoluble in water, but, most of the other salts 
are soluble. Silicotungstic acid is used us a mordant for basic aniline dyes, 
and it is an excellent reagent, for alkaloids. 

Borotungstic acids containing one Inul B/>j in emubinntiou with ft. 21, 
or 28 mols WOj are described. 1 Tho tnoun-ueid is 11 yellowish liquid of 
specific gravity about 8.0. The suits of these mods are compar- 
able to the silicotungstates, lmt they are less easily crystallized nail 
less stable. Cadmium borotuugstnto of approximately the formula 
2 CdO • B 2 0 j • 9 W0« • 18 11,0 malts in its own water of crystallization at, 
about 75°, giving a very dense yellow liijuid in which iilincrab of a density 
•up to 3.65 float. It is used for separating minerals of different densities, 
In addition to tho compounds in which two acids are represented, oilers 
have been described in which triple’ complex acids arc present ; salts con- 
taining four or five acid radicals arc also describ'd. 4 The iiiolceulns of such 
compounds must be enormously complex, as is shown by tlu; tentative 
formula for ammonium phospho-arse ru >- vu mid in-vnimdictM.fi ngsl a te, 
99(NH 4 )iO • 12 PjOj • 2 AfljOj • (Mi V,0, • <1 V 3 0, • 15)1 WO, • fi22 11,0. 

' See the work of Marignac ; also Wyrfiulwff, Hull, hoc, franc. Min, 19 alt) 
(1896); Rosenheim and Jaoriicke, Z. annrg. altffrm. (them. 101 HU'i OHI7) 

1 H. Copaux, Ann. chim. phyx. 17 (H) 217 (1909) : Cotnpi. rend. 147 973 (1909) ; 
Rosenheim, Z. anorg. Chem. 70 418 (1911). 

* Smith and Exnor, J. Am. Chem. Sue. 34 673 (1902), 

4 Allen Rogers, ibid. 25 298 (1908), 
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Pertungstic acid and its derivatives are little known compounds formed 
by the action of hydrogen peroxide on tungstic acid or the tungstates, 
Usually at the boiling temperature. They are easily soluble, unstable, and 
difficult to purify. The valence of tungsten in these compounds appears 
to be higher than six. 

Fluorine forms the interesting compound WF e . It may be prepared 
by the action of HF or AsF 3 on WC1« in a platinum retort; or by inter- 
action of SbF 6 and WClo in glass. The tungsten hexafluoride is distilled 
out at about 90° and condensed in a thoroughly cooled flask. It is a liquid 
with a slight yellow color ; it boils at 19.5° and solidifies at 2.5°, forming a 
white mass. Under ordinary conditions it is a gas, about ten times as 
heavy as air. It is completely hydrolyzed by water, but the dry gas 
attacks glass only slightly. Oxyfluorides are known. 

Chlorine gives four chlorides and several oxychlorides. The dichloridc, 
WClj, is a gray powder prepared by reduction of WClo in hydrogen or by 
heating the tetrachloride in C0 2 . It is quickly changed in air, and in con- 
tact with water a part is dissolved, but the greater part is changed to brown 
WO 2 , HC1 being liberated. The tetrachloride, WC1<, is made by reducing 
either of the higher chlorides. It is a brownish powder, crystalline, non- 
volatile, and hygroscopic. It is partly decomposed by cold water,, yielding 
the brown oxide and HC1. The pentachloride, WC1 6 , is obtained by gentle 
reduction of WClo with hydrogen. It forms black or dark green crystals, 
which are easily volatile and extremely hygroscopic ; some dissolve in 
water, but a greater part are hydrolyzed, yielding the blue oxide and HC1. 

Tungsten hexachloride, WClo, is prepared by burning the metal in pure, 
dry chlorine. If moisture or oxygen is present, the red oxychloride is formed, 
and this is very difficult to remove. The hexachloride forms dark violet 
crystals, which when pure are stable in air and cold water. But in the 
presence of the oxychloride it absorbs moisture from the air and decom- 
poses in cold water. This compound has been used 1 in some of the most 
accurate determinations of the atomic weight of tungsten. 

Two oxychlorides are of interest. W0 2 C1 2 is prepared by passing chlorine 
over hot W0 2 . It forms crystals which are stable in moist air and are only 
partly decomposed by boiling water. Tungsten oxy tetrachloride, WOCl ( , 
is obtained by passing WC1« vapor over hot oxide or dioxydichloride. It 
forms red needles, which are quickly changed in air, forming a crust of 
tungstic acid. 

Bromine forms WBr 2 , WBr 6 , WBr«, WOBr<, and W0 2 Br 2 . Iodine forms 
WI 2 and WI 4 . All of these compounds are similar to the corresponding 
chlorine derivatives. 

Sulfur combines directly with hot tungsten, forming WS 2 . This com- 
pound may also be formed by the action of H 2 S on the heated metal or 
WC1«- It forms a soft, dark gray powder or small, black, friable crystals. 
It is insoluble in water, burns in the air, forming WOs, but when heated in 
the absence of air, sulfur is expelled, leaving the metal. 

Tungsten trisulfide, WS«, when prepared by heating WS 2 in sulfur vapor, 
is a chocolate-brown powder which bums in air, combines easily with chlor* 

) Smith and Exner, Proc. Am. PM, 80 c. 43 123 (1904) 
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ine, but is not completely reduced by hydrogen.* It forms colloidal solu* 
tions and dissolves in alkali hydroxides, carbonates, and sulfides, forming 
dark brown solutions which contain sulfo- and oxy>sulfotungstates. The 
trisulfide is prepared in the wet way by dissolving W0 3 in ammonium 
sulfide and acidifying ; or by adding acid to a solution of an alkali tungstate 
which has been saturated with H 2 S. 

Sulfotungstates of the alkali and alkaline earth metals are formed when 
tungstates are saturated with H 2 S or when hydrated tungstic oxide is 
dissolved in hydrosulfide. They vary in color from pale yellow to yellowish 
brown, and in general they crystallize well. When the alkalinity of the 
solutions is decreased, WS 3 is precipitated. Potassium sulfotungstate, 
K2WS4, forms yellow rhombic crystals, which melt without decomposition 
and dissolve readily in water. On standing in the air WS 3 and S precipitate. 

Ammonium sulfotungstate, (NH 4 ) 2 WS 4 , is made by dissolving 
H 2 WO< • H 2 0 in an excess of ammonia and saturating the' solution with 
HjS. It crystallizes in bright orange>colored crystals, which have a 
metallic iridescence and are stable in dry air but not in the presence of 
moisture. .When heated, a residue of WS 2 is obtained. The crystals dissolve 
readily in water, forming a solution which slowly decomposes in the air. 
The formation of ammonium sulfotungstate makes it possible to separate 
tungsten from such elements as columbium by direct treatment of the ores. 

Sulfotungstates of the alkaline earth metals are obtained by saturating 
the suspended tungstates with H 2 S. On standing, the sulfosalts crystallize 
out. 

Nitrogen does not react with metallic tungsten, but when the metal is 
heated in ammonia, a nitride is formed. 2 In the nitrogen filled tungsten 
lamp some WN 1 is formed, 3 but the reaction is probably between tungsten 
vapor and nitrogen. The compound collects as a brown deposit, which is 
stable in a vacuum at 400 °, but is somewhat decomposed at 2200 °. The 
compound W 2 Ns is formed by the action of ammonia on cold tungsten 
oxytetrachloride or hexachloride. 4 

Phosphorus combines directly with tungsten when its vapor is passed 
over the heated powder, forming a dark green compound of the formula 
W«P 4 . WP 2 is prepared by heating WC1» in dry PH 3 ; this compound 
forms black crystals which are stable in the air, which melt without decom- 
position, and which are insoluble in water and organic solvents. The com- 
pound WP is made by heating WP 2 with copper phosphide; and W 2 P by 
reduction of a mixture of phosphoric and tungstic acids. 

Arsenic forms the compound WAs 2 , which is like the corresponding 
phosphide. 

Carbon combines with tungsten, giving compounds whose composition 
appears to vary under different circumstances. Heating powdered tungsten 
with gases containing carbon readily yields 6 WC at 860 ° and W 3 C< at 1000 °. 

1 Weiss, Martin, and Stimmelmayr, A. anorg. Chem. 65 279 (1910). 

s Henderson and Galletly, Jour. Soc. Chem. Ind. 47 387 (1908). 

* Langmuir, Jour. Am. Chem. Soc. 35 931 (1913). 

* Bideal, ibid. 55 41 (1889). 

5 Hilpert and Ornstein, Her. 46 1669 (1913). 
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Hunting tungsten oxide with ear lion or calcium carbide produces 1 a com* 
(tnu ml of the formula W 2 C or WC, depending 2 on the amount of iron 
I ire.se nt- Oomiftiimds i»f I .lie formulae W,C and W 3 C 2 are also mentioned. 
If. is possible. that, these so .culled compounds represent solid solutions of 
oorlmn mill tungst-c-u. 3 

Detection. — Tungsten in its ores is usually detected by extraction and 
tost of the soluble tungstate its follows : — 

(“> If IK 3 i.s /u hied to a tungstate solution at room temperature, a 
flaeimleut while i irceiji t tuto of the hydrated timgstic acid appears; on 
boiling, tin', precipitate. turns yellow, due to formation of H 2 W0 4 . • Both 
|irci'iiiitiites are readily soluble in ammonia and the alkalies, but highly 
insoluble, in (u'iils. The. presence of phosphoric, arsenic, boric, tartaric, or 
oxalic neiils interferes with tips jirecipitation. A columbate also produces 
u white pmni|iitnte mi awdilicatiiiii, hut this precipitate is distinguished by 
its greater solubility in water mid hydrofluoric and hot concentrated sulfuric 
iicitls. 

(It) When zinc, ur, hotter, tin 4 is ndded to tungstic acid suspended in a 
mineral acid, re.ihie.lion takes place, giving the tungsten blue precipitate. 
In the. jiri'senre. uf pluisphurie acid a blue-colored solution is formed. Simi* 
hir euliirs lwty 1 in pnitlimcd by molybdenum, columbium, 6 vanadium, and 
titanium ; molybdenum gives a blank as the final reduction product; the 
in ill mill ium blue i'h loss intense, aud disappears on dilution; vanadium blue 
is produced by tartaric nr.id, which docs not reduce tungsten ; and the tita* 
riiuui color lws a marked violet tint. 

(it) T'augslou in steel may ho detected by the fact that on solution of the 
steed in sulfuric acid the tungsten remains as a black residue which turns 
yolluw mi milling UNO,. 

01) \V(>a mid MoOj may bn separated by the fact that if the dried mix- 
ture is extracted with selenium oxychloride, the latter dissolves while the 
former duos not. 

(it) A soluble tuiigstfttt! may ho detected by dipping a strip of filter paper 
into the suhitimi, than Minis tuning the strip with HC1 and warming; the 
yolluw WO, itjijmurs. If t.he paper is moistened with SnClj solution and 
wormed, the I due of the hiwtir uxides develops. 

(!) A solution of ciuehoni ue or quinine is said to precipitate WO» 
qmuilitn lively.* 

(g) Thu presonm of 0.1 of a milligram of tungsten may be detected, even 
in mixture with molybdenum, by the iniorochemical identification of the 
churucte.ristic crystals of ammonium pa ratuagstate. 7 

> Motssnn, Comjtl. rrnA. 12$ 13 (1896) ; 125 839 (1897). 

* Willi (i nis. ibid. 126 1722 f 185)8). 

* Heoiliagram uf W-O system, Iluffarul Wunsch, Z. anorg. Chem. 85292 (1914). 

4 Zirin reduces tungsten so rapidly that tho blue oolor may bo overlooked in 

tho prosoniw uf a small ciuantity of tungsten. Tho action of tin is slower. 

4 The color produced by eolttinhium becomes brown. 

'Chem, Tra/lc Jour. 64 208 (1015)) i also Bull. Inst. Min. and Met. 104 (1918). 
P',,r otlicr tests «to Tunissian, Am. Joiu. fid. 38 637 (1914); Hartmann, Chem. 
/Veto*, 114 45 Olllfi) ; Alii acead. Lined, 2$ I, 390 (1919). 

’ Van Llernpt, Z. anorg, adeem. Chem.. 123 336 (1922). 
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Estimation.’ — A fairly accurate measure of the amount of tungsten in 
an ore may be made by a simple specific gravity determination, the per cent 
W0 3 being read from tables. This method gives satisfactory results on 
any one ore, provided the gangue is quite uniform and other heavy minerals 
are absent. It is not reliable, however, since it permits the " salting ” of 
an ore with barite, cassiterite, etc. 

Quantitative methods are numerous, but many fail to give concordant 
results, especially under varying conditions. Usually the tungsten is 
weighed as W0 3 , which maybe obtained (a) by ignition of ammonium tung- 
state ; ( b ) by ignition of mercury tungstate ; (c) by decomposing alkali 
tungstates in the presence of HN0 3 , the mixture being evaporated to dry- 
ness and extracted with water, then the insoluble WO3 being filtered out, 
dried, and weighed ; or (d) by precipitating lead tungstate and boiling with 
strong HC1. The insoluble tungstic acid is separated. 

A colorometric method for determining tungsten has been devised, 2 
depending on the reduction of the tungstic acid to the blue oxide. The 
solution of sodium tungstate is carefully acidified with standard HC1, care 
being taken to avoid a greater acidity than 10 cc. of normal acid per 100 cc. 
of solution. Then a slight excess of titanous chloride is added and the color 
compared with that obtained from a standard sodium tungstate solution. 
The colloidal suspension cannot be relied on to last longer than about 30 
seconds, and vanadium, phosphorus, and molybdenum interfere. 

Volumetric methods are not as reliable as the gravimetric and arc mainly 
serviceable for comparative purposes. In one method, WO3 is dissolved in 
excess of standard sodium hydroxide, and the excess titrated; a similar 
method uses ethylamine to dissolve the WOs, the excess being then titrated 
with oxalic acid. Silica, tantalum, and columbium do not interfere with the 
latter method. An attempt to reduce tungsten to the blue oxide, then 
titrate back with ferric alum in the presence of thiocyanate, has not been 
successful. 8 Somewhat more accurate results are obtained by precipitating 
a neutral solution of ammonium tungstate with an excess of lead acetate and 
titrating the excess lead by means of ammonium molybdate- 4 

1 For detailed information see Schooller and Powell, Analysis of Minerals 
and Ores of the Rarer Elements, pp. 174-182. Anodes soc. quinn Argentina, 6 81 
(1917) ; Eng. Min. Jour. 105 308 and 836 (1918) ; Jour. Soc. Chem. Ind. 
Dec. 16 (1918), p. 732 A; ibid. 37 609 A (1919) ; Min. and Sci. Press, 118 432 
(1919). 

2 Travers, Compt. rend. 166 416 (1918). 

8 Knecht and Hibbert, Proc. Chem. Soc. (1909) 277. 

4 Gas tone Fiorentino. Giom. chim. ind. applicata, 3 56 (1921). C. A. 15 3048 
(1921). 



CHAPTER XVI 

GROUP VI — URANIUM 

Historical. — T ho mineral pitchblende has been known for a long time, 
but. its nHn|ni8it.iam was a matter of dispute. By some it was considered 
an iron ore, ul hers oimsidcred zinc its main component, while still others 
I linnglit its great weight indicated that it mu.st be an ore of the newly dis- 
covered element, tungsten. In 1789 Klaproth called attention to the fact 
Mint the lire enntained what he called " a half metallic substance ” which 
differed unmistakably from iron, zinc, and tungsten. By reduction of the 
yellow calx he obtained a metallic, appearing substance which he supposed 
wns a new iiict.'il. lie. suggested the name uranium in honor of the planet 
Uranus, which had been discovered by Hcrschcl in 1781. Richter, Arfved- 
Hori, and Berzelius warked with similar materials and considered Klaproth’s 
reduction product us the. element. It was not until 1841 that Peligot dis- 
covered that thh substance was really a lower oxide of uranium and in the 
following year he jinidlicnd the. metal itself and determined its equivalent. 

Uranium mid all its cotu|immcLs are, radioactive. The discovery of this 
fruit in 1890 by Henri Uocqiie.rol ' is of great historic interest since uranium 
was the first element which was found to possess the property of radio* 
activity. Following this interesting discovery, a search was made for other 
naturally radioactive substances, and in 1898 Schmidt announced 2 that all 
substances containing thorium, either in elementary form or in combina- 
tion, gave off a similar radiation and somewhat later Rutherford discovered 
that thorimn produced also a highly radioactive gas which he called the 
omiiriutinn. Those curly discoveries were rapidly followed by others upon 
which our knowledge of radioactivity is based, 

Occurrence. — Uranium is not a common element, but it is 
found in a number of minerals, 3 most of which are rare. All 
uranium ores are radioactive, and the amount of uranium is an 
accurate, index of the radium content, 4 since it is found that one 
part of radium is naturally in equilibrium with 3.2 X 10 6 parts 
of uranium J or, in other words, an amount of ore which contains 
a ton of the element uranium wj.ll be found, to contain 320 milli- 
grams of the element radium. 

The most important uranium ores are pitchblende or uraninite 

' Compt. rend. 132 601, 889. 762 (1896). 

* Wied. *4nn. 66 141 (1898). 

» For a list of uranium minerals see U. S. Bur. Mines Bull. 70. 

( See U. 8. Bur, Mines Tech. Paper 88. 
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and carnotite. The latter is described under radium. The 
former is essentially U.iOs, which may be considered uranium 
uranate, U0 2 • 2 U0 3 or U ,v (U v, 0 4 ) 2l although in its natural 
form the substance contains widely varying proportions of 
quadrivalent and hexavalent. uranium. 1 lie ore contains i ;> 90 
per cent U 3 0 8 , the remainder being compounds of thorium, the 
rare earth metals, and lead, calcium, iron, arsenic, and bismuth, 
along with silica and water ; radium is always present and gases 
such as nitrogen, helium, and argon somet imes make tip as much 
as 2.6 per cent, The mineral is generally green nr black in eulnr 
with a pitchy luster, from which fact the name pitchblende is 
derived. It is found in Bohemia, Saxony, Hungary, Norway, 
Cornwall, East Africa, India, Australia, Madagascar, Ontario, 
Connecticut, the Carolines, Texas, Smith Dakota, Colorado, 
and Wyoming. 1 

Ur ani um is commonly associated with thorium and the rare 
earths, generally in the form of Undulates, eohim hates, tilnuutes, 
phosphates, arsenates, and vanadates, In addition to those, 
uranium is found in many rare minerals, such as mil unite, some- 
times called uranium mica, calcium itrauyl phosphide; torlier- 
nite copper uranyl phosphate; the rare earth ores, fergusonile, 
samarskite, euxenite, and xenotime. A new luineifd, Immnerite, 
is reported 2 to contain more uranium than any other complex 
mineral except pitchblende. It is a complex uranium titaimte, 
containing thorium and the rare earth elements along with small 
amounts of silicon, iron, calcium, strontium, harhmi, zirconium, 
and lead. Asphaltite hearing 1.13 1o2.KK percent uranium lias 
been found in Utah. 3 

The oldest and most celebrated deposits of uranium ores are 
the pitchblendes at Joachimsthal, Austria, whose mines have 
been worked since 1517. But only since hIkm! 1905 has ura- 
nium been sought, and for some time these dejsmits furnished the 
world's most important supply of uranium and radium. Since 
the development of the carnotite indust ry of (’olorado, however, 
the United States has Ixxm the leading producer of both. 

The production of uranium ores has varied widely, and the 
price has shown similar fluctuations. The price in sometimes 

1 “Now Deposit," Sat nee, 49 441 (HUB). 

J J our. Frank. I nut. 189 225. 

? F. L. Hess, Enq. Min. Jour, Preu, 114 272 (1022). 
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determined by the radium content alone, though usually the 
amount of U 3 O s is the determining factor and occasionally 
allowance is also made for the vanadium content of the ore. 
During 1919 carnotite containing a minimum of 2 per centU 3 0 8 
sold for $2.75-33.00 per pound of contained U 3 0 8 . In 1920 the 
price of similar ore was $2.25 per pound U 3 0 8 ; in January, 1922, 
carnotite is quoted at $1.25-11.75 per pound of U 3 0 8 . 

Extraction. — The extraction of uranium from its ores is 
accomplished by a great variety of methods, the process selected 
depending on the nature of the ore, and the desirability of 
recovering other substances along with the uranium. It is 
important to notice that radium is the most valuable constituent 
of all uranium ores, consequently, the treatment will be such 
as to extract the largest possible proportion of radium. From 
this point of view uranium is always a by-product whose extrac- 
tion is of secondary interest, 

For the extraction of uranium from carnotite see the discus- 
sion of the extraction of radium (p. 60) and especially of vana- 
dium (pp. 207-208, including Figure 13). 

The extraction of uranium from pitchblende 1 presents some 
complications because the mineral fuses with difficulty, and 
extraction with acid is tedious, expensive, and incomplete. At 
Joachimsthal no less than seven methods have been tried out, 
the last one being roasting with lime in an oxidizing atmosphere. 
The desired reaction is: 2 U 3 0 8 + 6 CaO + 0 2 = 6 CaU0 4 . 

At the same time vanadium, tungsten, and molybdenum are 
transformed into calcium salts, which are extracted with the 
uranium when the melt is ground and lixiviated with dilute sul- 
furic acid. These soluble salts are filtered out, ferric chloride 
is added, and the solution neutralized with Na 2 C0 3 , when ferric 
vanadate is precipitated. The solution containing the uranium 
is evaporated to dryness and the uranium dissolved in dilute 
alcohol, and from the alcoholic solution it is precipitated as 
ammonium uranate by the addition of ammonia. After filtering 
and washing with water containing NH 4 C1, the ammonium 
uranate is dried and sold as " lemon-yellow uranium,’ 1 Its uses 
are similar to those of sodium uranate. 

Uranium usually comes onto the market as sodium diuranate, 
Na 2 U 2 0 7 • 6 H 2 0, which is known in the trade as the " yellow 
i See G. Gin, Trans. Am. Electrochem. Soc. 35 191 (1919). 
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oxide of uranium.” II may be prepared I »v roasting pifeh- 
bltimlc with Nu»( If ) a and extracting die nu ll with dilute sulfuric 
acitl when tin* soluble uranyl sulfate is formed. Sodium domi- 
nate, is precipitated by adding W>11. or by netiiralwitig tin* solu- 
tion and boiling vigoruiisly. After I he precipitate i,. pressed 
mid dried it is ready fur the marl»el. The substance sold as 
iti'aniinn oxide is usually I V h, wltieli is prepared by precipitat- 
ing itntmtmium uranate from the sulfuric acid solution. If litis 
substance is digested with ammonium carbonate and amutoniimi 
hytlroxicln and then allowed to cool, crystals of aminiuiium iinmyl 
carbonate are formed, imd lliese mi ignition yield I* a),. There 
is, also, sold some of the hluek oxide of uranium, which is t *< 
and some nmninin salts like the nil rule, acetate, or sulfate, 1 
Quite, recently fnrrouruuium lias Itecomc an important article 
of commerce. 

Separation. 11 — Uranium may be separated from copper, 
bismuth, arsenic, etc., Iiy the fact I hid it is no! precipitated from 
acid solution by II 3 S, The .separation from lead i« best ac- 
complished by adding sulfuric acid In the nitrate solution and 
ovn.porut.ing to fumes, 

The rare, earths are removed by adding «*vtlir arid to a hot 
solution and filtering off the rare earth oxalates, To decompose 
the excess oxalic acid in tin* filtrate, evaporate lo dryness, ignite, 
nn<l take up the residue with UC‘I. If necessary any insoluble 
residuti may !*• hrouglit into solnliuti by fusion with KHSO,. 

Uranium is separated from oilier metals of ll»c third group 
hy the fnct of its solubility in solutions of alkali carbonate, 
(Separation is accomplished hy adding In a snlulion containing 
uranium an excess nf arnmnuiu, umumniuiu rttrlmtintc, mid 
ammonium sulfide. The uranium remains in solution while Mich 
metals ns iron, i-olmlt, manganese, zinc, and titanium are pre- 
cipitated, From the filtrate the uranium may !*• precipitated 
by removing the UjS completely and adding am moron, This 
treatment does not give complete separation from nickel, alu- 
minium or Iteryllium. Nickel may !*• removed by long Isuling 
of a dilute solution containing Naj(X> 4 . Aluminium is sepu- 

1 For method of pn.|>iirnti»n we fitr-m*. ./ uur inti, and Huy f'Krm 9 
(1017) | nlso, H, J. Aiuli'r*m. Tran*. Am. Kit drachm, .s'.«- 17 jsl < tugflj 

* firn Korn. Jmr. Am. (.'hem. Hot. S3 0*0 <UtO|) , itrsortm-. AmUyiiml rhrm- 
intru uf Uranium, London, 1WJ.1 ; ami Pier!*.. Jwtr, hul, an*/ Kny, Utwm, IS 00 
(UB0), 
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rated 1 by precipitating the phosphates, boiling first with nitric 
acid, then with sodium carbonate. Zirconium is precipitated as 
a phosphate in the presence of H 2 0 2 + H 2 S0 4 . Vanadium is 
precipitated as lead vanadate by adding lead acetate and am- 
monium acetate to a solution containing a slight excess of nitric 
acid, 2 

Metallurgy. — Uranium may be prepared by several methods : 
(a) reduction of UC1 4 with sodium 3 or potassium ; (6) reduc- 
tion of UaOg with charcoal in an electric furnace; 4 to free the 
product from carbon it is heated with U 3 0 8 in the presence of 
titanium, which is used to prevent nitrogen from combining with 
uranium ; (c) reduction of U0 2 or U0 3 has been accomplished 
by means of aluminium; 5 U0 3 has also been reduced by cal- 
cium ; 6 (d) reduction by means of calcium carbide either with 
or without a mixture of ferrosilicon has been effected, 7 although 
the Bureau of Mines finds that coke at the temperature of the 
electric arc is more effective than cither ; ( e ) electrolysis of 
fused sodium-uranium chloride in an atmosphere of hydrogen. 8 
Use of a current of 50 amperes at 8-10 volts keeps the bath fluid, 
and the metal contains about 0.5 per cent impurities. 

Properties, — Pure uranium is white, but the metal frequently 
has a yellow color due to the presence of some nitride. The 
metal prepared by electrolysis is deposited as small shining 
crystals; other methods of preparation give either a black 
powder or a white compact mass. The metal takes a polish 
well, is somewhat malleable, is softer than steel, and when heated 
with carbon and chilled it becomes very hard and brittle. 
Probably the most accurate melting point determination 9 gives 
a value of 1850° ; the specific gravity is 18.685 at 13° ; the 
specific heat at 0° is 0.0276; it is slightly paramagnetic, the 
magnetic susceptibility being + 0.21 X 10 -6 . 

The powdered metal bums in oxygen at 170°, in fluorine at 
room temperature, in chlorine at 150°, in bromine at 210°, in 

* Brearley, p. 185. 

2 U. S. Bur. of Mines, Bull. 70. 

8 R. W. Moore, New York meeting Am. Electrochem. Soc. May, 1923. 

4 Moissan, Compt. rend. 116 347 (1893). 

6 Aloy, Ann. chim. phys. (7) 24 412 (1901) ; Stavenhagen, Ber. 32 3065 (1899). 

• Burger, Dies. Basel, 1907, p. 19; Kuzel and Wedekind, French Pat. Oct. 
17 , 1910. 

7 Gorman Pat. June 11, 1912. 

8 Moissan, Compt. rend. 122 1088 (1896). 

8 Guertler and Pirani, Zeit. flir Metallkunde, 11 1 (191). 
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iodine at 260°, in sulfur vapor at 500°, and in nitrogen at 1000°. 
It decomposes water slowly at ordinary temperatures and more 
rapidly at the boiling temperature. Diy hydrogen chloride gas 
attacks the metal at a dull red temperature, and at a slightly 
higher temperature it reacts with ammonia liberating hydrogen 
and for min g a dark crystalline powder. It dissolves in dilute 
HC1 and H 2 S0 4 , liberating hydrogen and forming quadrivalent 
salts, while with concentrated sulfuric acid S0 2 is evolved. The 
powdered metal dissolves readily in nitric acid, liberating the 
oxides of nitrogen, but the fused metal reacts only slowly with 
nitric acid even when warm. The caustic alkalies apparently 
have no action upon it. Uranium will displace mercury, silver, 
copper, and tin from the solutions of their salts. The exact 
position of uranium in the electromotive series has not been 
determined because of lack of pure uranium, but an alloy 
containing 8.34 per cent of iron gave —0.093 volt. 1 

In addition to the property of radioactivity, the salts of 
uranium possess peculiar properties with respect to light. When 
a solution of a uranium salt is exposed to light it seems to absorb 
energy which is later given off in the form of fluorescence. 2 The 
presence of such substances as chlorine or iodine ions, ferric or 
vanadyl salts, vanadic acid or quadrivalent uranium compounds, 
inhibits the fluorescence. In accordance with the theory that 
the photosensitizing effects of such fluorescent compounds as 
eosin are due to simultaneous oxidation and reduction, fluores- 
cence in uranium salts is explained by the fact that in the light 
the uranyl ions are partly reduced to the trivalent condition and 
partly oxidized to the octavalent condition. When these two 
forms react with each other in a reverse manner to produce the 
hexavalent form, fluorescence results. The effect of inhibiting 
substances is explained by the supposition that iodine, for 
example, unites directly with the trivalent uranium, giving at 
once the hexavalent form. 

Uses. — Uranium finds few commercial applications, although 
several possible uses have been suggested. For a time an im- 
pure form of the metal containing some carbide was used as a 
sparking medium for automatic cigar lighters. These have now 
been superseded by cerium alloys, which are more highly pyro- 

i Jour. Phya. Chem. 23 5X7 (1919). 

* E. Bauer, "The PhotolyBis of Uranium Salts," Chem. Zig< 2 40 (1918). 
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phoric. Many attempts have been made to utilize uranium as 
an electrode in arc lamps, probably the most successful device 
being covered by a French patent which uses a mercury cathode 
and gives a powerful ultraviolet light, useful for sterilizing 
liquids. A plan for depositing uranium on a tungsten filament 
in an incandescent bulb has been patented. 1 The bulb is filled 
with nitrogen or argon and a little uranium chloride put in, 
then the bulb is exhausted, sealed, and heated to decompose the 
chloride. 

In ceramics uranium compounds are used to give colored 
glazes, especially yellow and orange. The compounds employed 
are either sodium or ammonium uranate, which are commonly 
sold under the name “ uranium yellow ” ; or, the yellow or green 
oxide. As little as 0.006 per cent gives a good yellow color, but 
on increasing the amount the color may be varied 2 to orange, 
brown, dark olive green, or black. A deepershadeof green is said 
to be given by U 3 0 8 than can be produced by chromium com- 
pounds. 3 The amount of lead in the glaze also influences the 
color obtained. A bright vermilion glaze is made by mixing 57 
parts of red lead, 20 parts feldspar, 2 parts zinc oxide, 12 parts 
of flint, and 9 parts of U 3 0 8 . As coloring materials in the manu- 
facture of glass, they produce an opalescent yellow, which is 
green by reflected light. This type of glass is expensive since 
the amount of U 3 0 8 used is sometimes as high as 20 per cent. 

Uranium salts have been used as mordants for both silk and 
wool, 4 as well as in calico printing. Uranium salts also produce 
a pleasing brown dye on textiles when the fabric is first heated 
with solutions of uranium salts, and then the color is fixed by 
reduction with potassium ferrocyanide, gallic acid, or pyro- 
gallol. 

Metallic uranium and uranium carbide were found by Haber's 
investigation 6 to be among the best catalysts for the manufac- 
ture of ammonia by the direct union of the elements, The dis- 
advantages in the use of these materials come from the cost and 
the ease with which the substances lose the ability to serve as a 
catalyst unless very pure hydrogen is used. 

i U. S. Pat. May 7, 1918; C. A. 12 1617 (1918). 

« Tram. Am. Cer. Soc. 8 210 (1906) ; 9 771 (1907). 

* Jour. Am. Cer. Soc. 1 238 (1918). 

* Farben Zeit. 5 17 (1894). 

* Haber and Greenwood, Zeit. Elektrochem, 19 53 (1913). 



300 


oifori* vi i inMi'M 


In photography nt.-my •* ImV. U-.-ti tun-h- to utili*. (ho 

units ,*f uranium- As e.-ulv 1^.1. pm-* «a p it - ttt ! |,y 

Wnthly fnrtlto '!-<•« if :> *-t»))»«li>*n <d m aiuum nitrate ;m<I 

Hilvor nitrate. This n.islun- h i p-mud »n u. lie- *nfaee i,f 
the paper, and :»ft. r r\|#.>-ui- and- i ’h- le y it tv- . was 

uecuinplishi-d liy iiuim-r >i*.n m -hint. ie. I,I-.rj.> ». n!. Tli*. 
prints wen tuned with u* *!• I . Iih n-h . IVt on pf pnr.-d I tv (his 
process wen- known as Wnthlvi )» 1 In pi"-. •'•!»- tn 

have I ii -ei i the iiutne.it it.- •••( -d (it- • « .ll».‘ln will. , title 

pH pers, which an- still ieod. In 1^7 i a drv < .-ti.-i. plate r.m- 

taining tinmitint salts appear.-*! »*n 'h- m.il.-t- lit-' 1 -t""-lit 
uses of uranium salt- in photograph;. .- 11 . t-- U ltn.it. d t„ two 
purposes. Toning t" a ph-auntf brown joint 1 n..w n.-.a.m- 
plished I*y menus of salts of matunni ah ng with j»irn f- rru* 

eyuithle. Tin- same cheinical n a»«j«»t* r- al " u > *1 f**t ?h<- intrn- 
silk-ation uf weak tii*u:itiv« - ! -1 «!i- 1 >"• ■ jnsj tin- m«n- 

tiw is (irsl ean-fullv wash* . I f|.« fr*.iu <h- -v« l»<j<ing f!ui»l» then 
sonki-d thoroughly in ti volution >»f uranium uitr at- -a a-.-iute, 
then wnslietl. and lin.-tllv mmi-i - -i tn a l ath >>( js-t !«■-•■ em, b-rm- 
c.ynnide, when tin- brown iiiamum b rr>.< > iui*b- <!. .-js-n. tin- eulur 
of the intnge, 

Urnnitlin liorafe :>dd.*l t-» raw rub!* 1 m th- r. fimiiK process 
is Htttci 1 tn produce a product of unpi-.v..! ij.(»>-aranc«- .’«**< I in- 
creased ti«iu*ili- strength. Su<b rubl*r .ij.j* .«rs t<i r>-*»st nxtdn- 
thm more siii-wssf'illy than nil.U-r n**t «> treated. 

In nirtlit'tin- tin- nitrate. *ab« vlat« an I .Id'-nd. >.f uranium 
have Is-en. itseil its a r»ni*-.|\ ho gout, .lials t.-s and «.*> .-« throat 
npmy. The salts nf iirannim an- a<»iv- interfering; 

with the fund inn <<f the ha-m.-globm and pr.idis. inu! marked 
elevation nf hhsid prcssuie «.* w»H « <bg. se-r;it|.*n of the tissues 
of the blood vessels, nrphrhis. and violent 11, (lamination nf the 
intestines. 

IJrnnyl nitrate has l*-en inw-d ns a reagent f..r fh>- rapid volu- 
metric deteruiinatinn of pho*phat»« «r ar-.-iiat«-s. 'lire nrnnyl 
solution is standardized l»y tw id n phosphate tor arsenate) 
solution tif known strength. The*-n>} j«r»u>* ls«th hi dnndardig- 
ingnncl hi titrating an unknown solution is determined by using 
a saturated solution of K»F«-(t X u as an mitsnh- mdnator. 

I Inrlia Wmt4, M 3M# MVU.V 
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Uranium steels \v«-n* apparently firs! prepared iihnul. IS* >7, 
wlii'ii i) was reported that tic gHvermnetd was experi- 

menting upon the n,-f of thi- alloy steel in iirdiumi'i'. Y’aiiuus 
mini ns Itavi' 1 »>** *ii alliiat in regard to ♦ li»' n«ie nf nraiiiiiin steel 
in < hmianv for armor plale anil (hi- linings nf big guns ; in 
England, ltu-da , and th<- I’niled States in various special steel*. 
Hi.' u*i' nf uranium in tic steel industry must he regarded as 
in tltc early I'Vin riiuHiIal • tage. making its value and importance 
question* wliieli tile fntur*- alone nan answer, 

lorroitraitium 1 is tin- <mlv form in which uranium is used in 
making steel lterati-e «<f (In- ease with which the I'lemenl. is 
totidi/.i'd, and the diHinilt v nf niilaiuiiig a unifiiriu mix. The 
production nf a Mulaht** ferronrauintu is aeciimpanii'd by sunie 
difficulties. Tin* reduction with aluminium hy (he usual pmi'ess 
is nut slid e-, -ful sinee the prndnei n mt n ins cnii-idei'nldi alumin- 
ium, alnnuiiium uxide. and iiraniinn oxide. A special modifira- 
t if III of the thermit process kiKuvn as KtaVrnhageids iiindilifVi- 
tiuii ■' give- letter results. Attempt* to prepare femiiint ilium 
in tlie electric furnace have mu lieen entirely successful, lieennse 
the product obtained contain* varying amounts of earlion. 
silicon, oxide*, and Usually vanadium. Til*' indirect are tyjie nf 
furnace required an excessive |«mver consumption in order In gel 
the required totiqicraftiri'. 3 Attempts to deru rhiiilize the prod- 
uct hy heating with iron oxide or uranium oxide were not suc- 
cessful, due to the excessive oxidation during tic sect aid heat ing. 
Best results were obtained hy reducing TO* with a good grade 
of coke, using ( 'al’3 n* a slag and a tilling direct, are type of 
furnace with water cooled magnesite hearth mid sides. In this 
way n ferro-alloy containing 10 70 jer cent, nnuuum and less 
than 2.0 [icr cent carl Kin and 0.75 per cent silicon can 1 m* pro- 
duced ; hy using a good grade of uranium material, tic amount 
of vanadium may tie kept la-tow 0.5 |kt cent and iduniiniutn, 
sulfur, phosphorus, and manganese may Ik* kept so low as to tie 
iicgligihlc, TIk* firrnurunium made in the United States 
ustinlly contains let wren 25 mid 05 |kt cent uranium, * although 

1 fW It M K^wv, ut ronnit ti." 

UmU a / M H Atm i ?U H. j.j. l.lut riT-l, b1a*i, *4 

l Htir. M»f** T * r Trrh /v*/^r 177 t\ ( *\7\ 

* ?t» r. u mt tvmi 

1 OiJhtf »n*f M«« i*, (mi tit\4 Kmj f 4 Ar-«n. 9 M*U7) ; n JfiMitf'fiUur** 

ul «t h*n**l t74*i* f »r *h»* '4 t'U* with •wU,/t 

* &*** Twff ( J«rrf(Mlwn ♦S' tkvi, f ‘ |, * ’ F*‘U»> oil ) , 
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by mistake the uranium content has been given as 35-50 per cent. 
The manufacture of this material in this country is carried on at 
a single plant, which is located at Canonsburg, Pennsylvania. 

The addition of ferrouranium to steel is accompanied by 
heavy loss due to the oxidation of the uranium. This loss may 
be as high as to the uranium added. To reduce the loss as 
far as possible the ferrouranium is added just before or during 
pouring, and the temperature of the steel is kept low. If the 
ferrouranium contains more than 65 per cent uranium, oxida- 
tion is rapid, and if the amount is less than 40 per cent the 
uranium is not taken up well by the steel. Consequently, the 
favorite ferrouranium contains 40-65 per cent uranium. The 
best uranium steels are made in the electric furnace. 

There are two rather striking effects produced by the addition 
of uranium to steel : (1) its beneficial results do not require 
intensification by the use of other alloys ; (2) uranium increases 
the hardness of steel, so that such steels lend themselves readily 
to water quenching. The increased hardness is, however, not 
accompanied by an increase of brittleness to as great a degree as 
is induced by many other alloying substances. As a result 
carbon-uranium steels are especially serviceable for uses which 
require a low drawing temperature, since under these conditions 
they possess to a remarkable degree the combination of hard- 
ness, strength, and ductility. 1 Uranium is, however, frequently 
added to steel along with such other alloying elements as tung- 
sten, molybdenum, vanadium, and chromium. Usually the 
amount of uranium is less than 1 per cent ; high uranium steels 
have been studied very little. Over 3 per cent uranium is said to 
produce a product which cracks badly on forging, The general 
effect of uranium upon the properties of steel is similar to the in- 
fluence of tungsten ; consequently, the usual view is that the 
introduction of a small amount of uranium permits the saving 
of a considerable amount of tungsten. For example, the intro- 
duction of 3 per cent uranium, 8 per cent tungsten, and small 
amounts of chromium and vanadium produces a steel whose 
performance compares favorably with that of a steel which 
contains 18 per cent tungsten. 

The properties claimed for uranium steels are as follows: 2 

1 Hugh S. Foote. *' Uranium Steels,” Chem. and Met. 25 789 (1921). 

1 See also ibid. 15 160 and 448 (1916) ; 22 829 (1920) ; 25 789 (1921). 
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increased hardness without decrease in ductility ; increased 
elastic limit ; greater tensile strength ; and improved dynamic 
properties. Tools made of uranium steel are said to possess 
longer life because of the greater toughness and heat-resisting 
qualities. Shop tests made with uranium steel tools show that 
they possess cutting power, durability, and general efficiency on 
an average 20-50 per cent higher than that shown by tools made 
from the best grades of other high speed steels. 1 Enthusiastic 
claims are made that " the benefits obtained from the use of 
uranium certainly constitute the highest attainment of the steel- 
maker’s art.” However desirable the properties of uranium 
steel may prove to be, it seems likely that the future of this 
product will be determined largely by the relative cost of ura- 
nium and other alloying substances which produce similar effects 
upon steel. The question of a suitable ore supply is also a 
matter of great importance, especially with respect to uranium. 
But so long as uranium remains a by-product of the radium 
industry with sale for only a small part of the uranium produced, 2 
the question of cost of raw materials should not be a serious one 
in the manufacture of uranium steel. 

Compounds. 3 — Uranium forms several series of compounds 
which in general resemble the corresponding series of tungsten 
and molybdenum compounds. Uranium is, however, distinctly 
more basic in its tendency than any other member of this group. 
It appears frequently in the acid radical, forming both simple 
and polyuranates. Its greater basicity is shown by the fact 
that its trioxide forms a much smaller number of poly-derivatives 
than do molybdenum or tungsten. In most of its important 
compounds uranium acts as a metallic element, Uranium has 
valences of 2, 3, 4, 5, 6, and possibly 8, the compounds of valence 
2 and 3 being relatively unimportant and formed by reduction 
of the higher compounds. In its valence of 4, uranium forms 
the important class of uranous compounds, which are usually 
prepared by reduction of the higher compounds. They resemble 
the ferrous compounds in the ease with which they are oxidized. 
In its hexavalent state uranium shows little tendency to form 
simple metallic salts, since UF« is the only compound of this 

> See "Comparative Teat of High Speed Steels,’' Chem.andMet, 22 829(1920). 

3 S. C. Lind, U. S. Bur. of Mines, Trans. Am. Electrochem. Soc. 35 197 (1919). 

3 E. Wilke-D6rfurt, "Preparation of Uranium Compounds in Pure State, ’* 
Wis8.'Veroffeni. Siemens-Konzern Soc. 1 143 C1920) C. A. 15 2595 (1921). 
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Compounds of Uranium 


Valence 

Oxide 

Hydroxide 

Nature 

Typical Salts 

Characteristic 

Color 

Class Name 

Remarks 

U n 

uo 

— 

Basic 

UF., US 

— 

Monosulfide 


Obtained by reduction 

u m 

U 1 O 1 

— 

Basic 

/UCI.. 

\ U.S., UH(SO<). 

Red to brown 

Trichloride 


By reduction 

Xjrv 

uo. 

U(OH)<(?) 

Basic 

/ UCI<, US. 

\ U(SO.). • x H.0 

Blue to green 

Uranous 


Easily oxidized 

C Y 

U.O. 

— 

Basic 

ua., UBrs 

Red to brown 

Pentachloride 



UTI 

uo. 

— 

Feebly basic 

UF. 

Light yellow 

Hexafluoride 





UOi(OH). • H.0 

Basic 

/ L'0l(N03)2 
\UOiSOj 

Yellow with 

green fluorescence 

Uranyl 


Most important 



UOi • H.0 

Acidic 

Na*UO» 

Red to green 

Uranates \ 







NasUsO? 

Yellow 

Di-uranates 


Ura nates are generally 





NaiUaOto 

Golden 

Tri-uranates 


insoluble 





NasUsO»« 

Orange 

Penta-uranates J 


More stable than 

V™ 

UO.(?) 

UO. • 4 H.0 

Acidic 

(Na.O-).UO. • S H.0 

Yellow 

Per-uranates 


similar salts of Mo 
and W 
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sort known ; but it readily forms uranates, both simple and 
complex. It also gives rise to the uranyl series of compounds, 
which are doubtless the most important of all the uranium salts. 
They may be regarded as derivatives of U0 3 which have been 
formed by replacing one oxygen with the equivalent amount of 
a negative element or radical. Thus, they always contain the 
bivalent radical UOj, which is more markedly basic than the 
corresponding radicals of the other members of this group. 
Accordingly the uranyl compounds resemble more closely the 
salts of a basic oxide, while the corresponding derivatives of the 
other metals are like the acid chlorides, such as POCI3 and 
SO 2 CI 2 . This conception is strengthened by the fact that in 
water solution the uranyl salts of strong acids are slightly 
hydrolyzed, and under the influence of the electric current the 
uranyl ion concentrates around the cathode. The uranyl solu- 
tions have a yellow color with a strong greenish fluorescence, 
which is noticeable in uranium glass. These salts are particu- 
larly sensitive to light. Table XXXVII shows the relationship 
between the various classes of uranium compounds. 

Oxygen forms the two definite oxides, U0 2 and UOa, each of which is 
represented by one or more well defined series of compounds. 

Uranium dioxide, U0 2 , was for a long time considered as metallic ura- 
nium, because of its appearance and the fact that it is obtained by heating 
U 2 0 8 in a stream of hydrogen. It is now prepared 1 on the large scale by 
reduction with carbonaceous material on fusion with sodium chloride, and 
used for the production of ferrouranium. When so prepared it is black in 
color from the excess carbon which it contains and is commonly called the 
black oxide of uranium. When obtained by reduction with hydrogen it 
is a brown or copper-colored powder, which is pyrophoric ; it bums in air, 
oxidizing completely to U 8 O s . The uncalcined U0 2 dissolves in strong 
acids, forming the uranous series of salts ; after ignition it is only slightly 
soluble in acids. 

Uranous hydroxide is obtained as a bulky reddish>brown precipitate 
when alkalies are added to uranous solutions. The precipitate darkens on 
boiling and is easily oxidized by air in the presence of excess alkali, forming 
uranyl compounds. The formula for the compound is written either 
U0 2 • 2 H 2 0 or U(OH)«. 

Uranium trioxide or uranic oxide, UO», may be prepared in pure form 
by long continued heating of uranyl-ammonium carbonate at 300° or of 
ammonium uranate at 250° ; uranyl nitrate also yields UOs on ignition, but 
the product contains basic nitrates unless the heating is done thoroughly. 
The color of the oxide varies from orange to red, depending on the method 

1 Robert J. Anderson, Trans. Am. Electrochem. Soc. 37 281 (1920). 
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nf Jii-ntUiK, Wlu-tt imiiti'd ;it liinliiT ti-iufK-rillnn-H it furiiw r/t,, (mil whin 
fii'iili'il with h.vilniKi'ii i> form* I *<>j, ur tit ,'MKH)" it yii'Id* uiHnllir nrnnimn. 
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i-lirt rulVM« uf thi' nil n»t»- i>r wlmi) t !»»• hydnitnd 1‘jO* in imiSi-d with wntnr 
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Uranium pentachloride, UC1 6 , is formed by adding chlorine to UC1 4 . 
If the addition is made slowly, the pentachloride forms long needle-like 
crystals which have a dark green metallic luster by reflected light but a ruby 
red color by transmitted light. If the chlorine is added rapidly a brown 
crystalline powder is formed. Both forms are extremely hygroscopic and 
react vigorously with water, liberating HC1 and U(0H) 4 ; it is soluble in 
many organic solvents. 

Uranyl chloride, UO 2 CI 2 , is formed by heating U0 2 to red heat in a 
stream of dry chlorine. It forms a yellow crystalline mass, which is 
hygroscopic and soluble in water. The water solution on slow evaporation 
forms a monohydrate. The anhydrous uranyl chloride is stable if it is 
kept away from moisture. The water solution has an acid reaction and 
upon heating liberates HC1. It forms double salts with the alkali chlorides, 
such as 2 KC1 • UO 2 CI 2 • 2 H 2 0. 

Sulfur forms a number of sulfides of uranium, of which the most impor- 
tant is the uranyl sulfide, U0 2 S. This compound is thrown down as a dark 
brown precipitate when ammonium sulfide is added to a uranyl nitrate 
solution. It is soluble in ammonium carbonate and in acids and upon 
exposure to air it oxidizes quickly. 

Uranous sulfate is not known in the anhydrous condition, but hydrates 
containing 2, 4, 8, and 9 molecules of water are easily prepared. Of these 
hydrates all except the dihydrate are isomorphous with corresponding 
hydrates of thorium sulfate. The octohydrate of uranous sulfate is the 
most common, it being formed by adding alcohol to a solution of U„0, in 
dilute sulfuric acid. 

Uranyl sulfate, UO 2 S0 4 • 3 H 2 0, is prepared by the crystallization of 
a solution of uranyl hydroxide in dilute sulfuric acid or by heating uranyl 
nitrate with sulfuric acid. It forms yellow-green crystals, which under the 
microscope show a beautiful fluorescence. On exposure to air they loose 
water slowly, and at 115° a monohydrate is formed while at 175° the anhy- 
drous salt is produced. Both acid salts and double alkali sulfates are 
formed. 

Nitrogen combines directly with uranium at a temperature of 1000° 1 ; 
nitrogen or ammonia reacts with the carbide, yielding a nitride ; dry am- 
monia also produces a nitride when it reacts with uranium tetrachloride. 
The formula of the nitride is usually UjN 4 . The eatalytic influence of 
uranium carbide in the manufacture of ammonia by the Haber process is 
attributed 2 to the formation of the nitride. 

Uranyl nitrate, UO a (NOa )2 • 6 H 2 0 8 is commonly called uranium nitrate 
and is the best known and most widely used uranyl salt. It may be pre- 
pared by dissolving any oxide of uranium in nitric acid. It forms lemon- 
yellow prisms which have a green fluorescence. They are readily soluble 
in water and are deliquescent. When shaken, rubbed, or crushed, the 
crystals show remarkable triboluminescenee, with occasionally somewhat 
violent detonations. Numerous theories have been advanced to account 

1 Moissan, Compt. rend. 122 274 (1896). 

1 Haber and Greenwood, Zeit. Elektrochem. 21 241 (1915) ; 19 68 (1913). 

8 See also F. E. E. Germann, Jour. Am. Chem. Soc. 44 1466 (1922). 
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for this peculiar behavior. It has been suggested that triboluminescence 
may be due to some peculiar property such as radioactivity of the uranium 
atom itself ; or, that in crystallizing differences of electrical potential may 
be developed between crystals ; or, that disturbances release some internal 
strain which has developed within the crystals. But the best explanation * 
of these phenomena seems to be based upon the partial replacement of 
water of crystallization by ether and an unstable lower oxide of nitrogen. 
This idea is strengthened by the observations that samples of uranyl 
nitrate which are strongly triboluminescent contain both ether and an 
oxide of nitrogen ; that crystals of this salt do not display this property 
unless they have been prepared from an ether solution containing free 
nitric acid; and that such crystals loose their triboluminescence when 
recrystallized from water. 

Carbon combines so readily with uranium that the reduction of the 
oxides with carbon always produces some carbide. Moissan prepared 1 2 the 
carbide by mixing 50 parts UsO s with 8 parts charcoal and heating in the 
electric furnace. He assigned the formula U 2 Cs to the compound, but later 
work 3 makes the unusual formula UC 2 seem more probable. The com- 
pound has a metallic appearance, a crystalline fracture, and is strongly 
pyrophoric; it scratches glass and quartz but not corundum. It burns 
in oxygen at 370°, forming U 3 0 8 ; it combines with fluorine at slightly ele- 
vated temperatures, forming UF 8 or UF«. Chlorine attacks it at 350°, 
bromine at 390°, and iodine below red heat. In contact with water the 
carbide is decomposed, yielding hydrogen and a very complex mixture of 
gaseous, liquid, and solid hydrocarbons. Chief interest in the carbide is 
connected with its use as a catalyst in the Haber process. 

Simple uranyl carbonates arc not known, but double carbonates arc easily 
formed ; as, for example, a salt of the composition UO 2 CO 3 • 2 Na 2 C0 3 is 
obtained as a yellow crust, when freshly precipitated sodium uranate is 
treated with sodium bicarbonate, or when an excess of sodium carbonate 
is added to a solution of uranyl acetate. 

Uranyl acetate, U 02 (C?Hj 0 2 )2 • 2 H 2 0, is next to the nitrate the most 
important uranyl salt of commerce. It is prepared by the solution of 
uranyl hydroxide or oxide in acetic acid. It is soluble in water, forming a 
solution with a density of 2.89 from which it crystallizes in fluorescent 
prisms. It displays the phenomenon of photalysis. 

Uranyl formates, oxalates, and tartrates arc also formed. 

Detection. — Uranium is precipitated in the Third Group and in the 
analysis undergoes numerous characteristic changes. (1) When present as a 
uranyl salt the addition of ammonia produces a precipitate of ammonium 
diuranate, (NH 4 ) 2 U 2 07 , which appears as a yellow powder which is slowly 
transformed by ammonium sulfide to UO 2 S, dark brown, soluble both in 
HC1 and (NH ( ) 2 C 03 . (2) When NaOH is added to a solution of a uranyl 

1 See Andrews, Chem. Ztg. 36 423 (1912), Spilth. Wiener Monatach ■ 33 853 
(1912); Muller, Chem. Ztg. 40 38 (1916), 41 439 (1917) ; and J. A. Siemssen, 
Chem. Ztg. 46 450 (1922). 

1 he Four electrique. Paris, 1897 ; Compt. rend. 122 274 (1896). 

» Lebeau, ibid. 162 955 (1911) ; Bull. Soc. Chim. (4) 9 512 (1911). 
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'.alt, yellow Na 2 U 2 0 7 is precipitated; it does not dissolve in excess of alkali, 
5xat forms the deep yellow peruranate on addition of H 2 0 2 or Na 2 0 2 . 
,3) When Na 2 HP0 4 solution is added, uranium is precipitated as a gelat- 
nous yellowish-white precipitate of U0 2 HP0 4 , which is soluble in mineral 
icids but insoluble in acetic acid. In the presence of ammonium salts, 
vanadates do not interfere, but aluminium, beryllium, and lead must be 
absent. (4) The addition of K 4 Fe(CN)« produces a red>brown precipitate 
>f (U0 2 ) 2 Fe(CN)«, which dissolves in NaOH, HC1, or (NH 4 ) 2 C0 3 , forming 
yellow solutions. (5) Sodium salicylate produces a red coloration in a 
solution containing as little as 0.02 per cent uranium. Free acids, iron 
3alts, alcohol, and acetone interfere. This reaction may be made quanti- 
tative by colorimetric methods. (6) When an excess of zinc is added to a 
nitric acid solution containing uranium, a yellow deposit collects on the 
zinc residue. 1 

Determination. 2 — Uranium may be determined quantitatively as U a 0 8 , 
which may be obtained by precipitating a uranyl salt with (NH 4 ) 2 S and 
ISrH 4 OH; or the U 3 O, may be reduced to U0 2 by heating in a stream of 
hydrogen; or the addition of ammonium phosphate in the presence of 
ammonium salts and igniting to (U 0 2 ) 2 P 2 C> 7 . Cupferron precipitates 
uranium quantitatively from aluminium, calcium, magnesium, and phos> 
plaorus ; the precipitate is converted to U a O s by ignition. 3 

Volumctrically uranium may be determined by reducing an acid solution 
with zinc or titanous sulfate and oxidizing to the uranyl state by perman- 
ganate according to such a reaction as : 2 KMn0 4 + 5 U(S0 4 ) 2 + 2 H 2 0 
= 2 KHS0 4 + 2 MnS0 4 + H 2 S0 4 + 5 U0 2 S0 4 . A solution of uranyl 
acetate may be titrated with sodium phosphate. Titration with 


IN 

20 


K 2 Cr 2 0 7 in the presence of an excess of sulfuric acid is recom- 


mended, 4 and electrometric titration is successful. 5 


1 Baur and Robmann, Helvetica Chim. Acta, 5 221 (1922). 

2 For determination of uranium in high speed steels, sea Jour. Ind. and Eng. 
Chem. 11 316 (1919); also Chem. and Met. 20 523, 588 (1919); in carnotite, 
see C. E. Scholl, Jour. Ind. and Eng. Chem. 11 842 (1919). In the presence of 
HaPCh. see Schoop and Steinkuhlor, Bull. Soc. Belg. 31 156 (1922). For general 
survey of uranium methods, see Korn, Jour. Am. Chem. Soc. 23 685 (1901). 

3 Holladay and Cunningham, New York meeting Am. Electrochem. Soc. 
IVTay. 1923. 

4 Wilhelm Elsholz, Dissertation, February 7, 1916, Friedrich Wilhelms 
TTniversitat, Berlin. 

6 Ewing and Eldridge, Jour. Am. Chem. Soc. 44 1484 (1922) ; Gustavson and 
TCn ndaon. ibid. 44 2756 (1922). 
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GROUP VI — THE OXYGEN FAMILY 

Sl.lrl.XI I'M A.N'Ii Tl.M.I'UUM 

On account of the fact that I here arc few points of resemblance 
Indwelt oxygen ami tellurium, mim* chemists have wen little 
family relationship lietwi-en the n><*nil »•!>• of this suit-group. 
When, however, oxygen >s compared with Mtlfnr, and sulfur with 
wleninm and finally selenium with tellurium, a gradual change 
tit physical |irn|HTlies in observed, '1 his pro] *nrt innate change 
ill physical properties is is>t sr-cri in Table XXXVUI. While 
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the relationship in thin family is not tpiife s*> Hone ns in some* 
others, there are mmieroun striking Riudogies both in tlm ele- 
ments themselves mid in their eomjtuUHfln, In general the 
abundance of them* elements in nature deerenw* with an in- 
crease of atomic weight. All four of the elements exist in inter- 
eating allotropic; modifications, and they each farm analogous 
compounds with hydrogen, AH of these hydrides, except Hjt), 
have offensive odors and acid projartien, the strength of the 
acids decreasing with increase of molecular weight, The hy- 
drides vary widely in stability, lift) bring a stable compound, 
H»8 and HtSc much lens so, while H/1V is quite uustahle even 
below zero. The three elements of heavier atomic weight form 
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dioxides and all but selenium form trioxides, while derivatives 
of Se0 3 are well known. Metallic properties of the elements 
increase with increase of atomic weight. Both selenium and 
tellurium in the elementary form show a few of the character- 
istics of the metals, In compounds the metallic nature is less 
evident, but tellurium forms two classes of derivatives from 
TeC> 2 , the tellurites and tetravalent salts. Oxygen and selenium 
are known to form only one compound each with chlorine, while 
sulfur and tellurium both form two chlorides, 

Selenium 

History. — Berzelius discovered selenium in 1817 in the deposits from 
the sulfuric acid chambers from Gripshohn, Sweden. For some time 
previous to the discovery it had been observed that when sulfur was ob- 
tained from a certain pyrite ore, there was formed in the chambers a red 
deposit which on ignition gave an odor of decayed cabbage. The red sub- 
stance was supposed to be a form of sulfur containing some tellurium. 
Berzelius found that it was a new element which resembled tellurium 
closely and consequently he named the new element selenium, from the 
Greek word meaning moon, the name being suggested by the analogy of 
tellurium, the earth element. He studied the element carefully and pre- 
pared many of the more important compounds. The chemistry of this 
element has developed very slowly, but within the last few years there has 
been considerable interest shown in attempts to find uses for the element 
and its compounds. 

Occurrence, — Selenium must be considered a rare element, 
although it is found widely distributed in nature, The distinc- 
tive selenium minerals are rare, and they are usually selenides, 
of such metals as lead, mercury, copper, bismuth, and silver. 
The element is also found in the free state associated with sulfur 
and as a selenite. The most common occurrence of selenium 
is in ores in which the element has partially displaced sulfur. 
Generally the selenium is present in very small proportions, but 
on account of the fact that enormous quantities of sulfide ores 
are used, this represents a considerable amount of selenium, 
It occurs also in small amounts in meteoric iron, in volcanic 
lavas, and in certain deposits of coal. Traces of selenium have 
been detected in rain and snow. 1 Even though present in 
mineral ores in mere traces, it is readily concentrated either in 
the flue dusts or in the anode mud of the electrolytic refineries. 
Considerable quantities are known to exist in Hawaii, Japan, 
* Helvetica Chimica Acta 1 52 (19X8). 
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the Hartz Mountains, the Vesuvian region, Hungary, Mexico, 
Australia, Spain, several parts of South America, California, the 
Paradox Valley, Colorado, and at Thompsons, Utah. 

Extraction. — The two general sources of selenium are from 
the flue dusts of certain metallurgical processes using sulfide ores 
and from the slimes of the electrolytic refining processes. The 
rapid development of electrolytic methods has made the latter 
the most important source of supply at least in the United States. 
The method used in extraction 1 depends upon the source of 
material. 

To extract from flue dust, grind the material to a fine powder, 
then fuse in a nickel crucible in the proportion of 300 gram dust, 
200 gram Na 2 C0 3 and 77 5 gram Na 2 0 2 . Add the fusion mixture 
to the crucible a little at a time, the heat of reaction usually 
being sufficient to maintain a fusion temperature without the 
application of external heat. When the crucible is full, cool 
and disintegrate the melt with water and remove the insoluble 
material by filtration. Nearly neutralize the filtrate with con- 
centrated HC1 and filter off any zinc or aluminium hydroxides. 
Then add three volumes of concentrated HC1 and boil 30 
minutes to reduce H 2 Se0 4 to H 2 Sc0 3 . Filter off silica, heat to 
80°, and add in small quantities two or three times as much 
Na 2 S0 3 as is needed to precipitate the element selenium. Digest 
at 80° until the selenium has a uniform gray color, filter, and 
wash thoroughly with hot water. This method removes 
selenium quantitively from flue dust. 

From anode slimes, selenium may be extracted by adding the 
finely ground material to concentrated HN0 3 which has been 
diluted with | its volume of water. Heat until the reaction is 
complete, then filter off the insoluble matter on an asbestos pad ; 
evaporate to dryness to expel excess acid, being careful to pre- 
vent the vaporization of Se0 2 . Take up the residue in 3 : 1 HC1 
and precipitate the selenium by adding either Na 2 S0 3 or S0 2 . 
The reaction is : H 2 Se0 3 + 2 S0 2 + H 2 0 = Se + 2 H 2 S0 4 . 
Filter off the precipitate, and wash thoroughly. 2 Anode slimes 
are generally rich in both gold and silver, so the extraction of 
selenium from such material is of minor interest. 

* See Dennis and Koller, Jour. Am. Chem. Soc. 41 949 (1919) ; also Eng. and 
Min. Jour. 106 443 (1918). 

* England Min. Jour. 106 443 (1918). 
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Another method of extracting selenium is to boil the mud with 
a concentrated solution of KCN until the solution turns gray, 
forming KCNSe. This is filtered off, heated with HC1, when 
selenium is precipitated, This reaction does not yield pure 
selenium and the large quantity of HCN evolved is trouble- 
some. Sometimes, the slimes which contain precious metals 
are cupeled to remove the common metals, then the molten 
metals are treated with sodium nitrate and sodium carbonate, 
forming a “ niter slag ’• which contains the selenite and tellurite. 
This slag is skimmed off, cooled, broken up, and leached with 
hot water. 

A method of extracting both selenium and tellurium from 
either dusts or slimes is described in British Patent 134,536. 
It consists in fusing the material with lead and NaOH, NaN0 3 , 
or Na 2 C0 3 . The selenium and tellurium compounds are found 
in the upper layer, from which they may be removed by dissolv- 
ing in water, neutralizing with acid and precipitating with S0 2 . 
The noble metals maybe removed from the lower layer by cupcl- 
lation. 

In nearly all American crude copper bullion there are found both 
selenium and tellurium in amounts up to 0-3 per cent, or more. 
This is practically all concentrated in the slimes, 1 from which 
they arc extracted by fusion with NaN0 3 and Na 2 C0 3 , recovery 
being either from the niter slag or the Cottrell or scrubber 
sludge. The latter is filter pressed, and either the press cake or 
the regular flue dust may be, roasted at low temperature, the 
resulting Se0 2 condensing in crystalline form called selenium 
" whiskers.” They are readily soluble in water when fresh, 
but on standing there is some reduction to metallic selenium. 
For the precipitation of selenium, S0 2 is passed into the solution, 
which should contain about 10 per cent of free sulfuric acid and 
sometimes a little hydrochloric acid. Under these conditions 
98 per cent of the selenium is precipitated as the red powder, 
the reaction being Na 2 Se0 3 + 2 S0 2 + H 2 0 = Se + Na 2 S0 4 
+ H 2 S0 4 . The sulfur dioxide is carefully purified by thorough 
scrubbing. Theoretically one pound of sulfur should precipitate 
nearly a pound and a quarter of selenium, but in actual use 1-2 
pounds of sulfur are burned to produce a pound of selenium. 

1 Merriss and Binder, Eng. and Min. Jour. 106 443 (1918). This article 
contains flow sheets, showing the purification of both Se and Te. 
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Selenium prepared from the niter slag may contain consider^ * J * * 
tellurium, which may be removed by adding sulfuric acid * * » 
the strongly alkaline solution, thus : Na 2 Te 0 3 + H 2 SO 4 
Na 2 S0 4 + Te0 2 + H 2 0. Separation by electrolysis in a sol* l ~ 
tion of alkali hydroxide or salt has also been proposed. 1 

Selenium is usually sold as the gray powder. Sometim* *.-* 
selenious acid is required, and this is prepared by dissolvir *«; 
selenium in strong nitric acid, crystals of H 2 Se 0 3 being form* *« l 
on evaporation. Some sodium selenite is also sold, being ob- 
tained by neutralizing a solution of selenious acid and evapor:* * - 
ing. Occasionally there is a demand for red selenium. This i h 
prepared from a solution of sodium selenite by acidifying » » * « I 
adding S0 2 . The red precipitate is washed thoroughly, flit **r 
pressed, and the press cake dried in the dark by a current * 
cool, dry air. The red modification must be kept in a cool pi; < ' • > ■ 
away from light and air. 

The production of selenium in the United States has ncv* •> 
been large and has shown marked fluctuations. Table XXX l -X 
shows the approximate production and value of selenium in 1 1 *• 
United States for several years. It is stated 2 that the ind » * - » 
tries of this country could produce 300,000 pounds of selcniu * *1 
annually without making any material additions to pres; it* 
plants. Formerly selenium was imported but the rapid grow * i 1 

Table XXXIX 


Consumption of Selenium in United States 


... . 

Domestic Production 

Importation Va 

Pounds 

Value 

1913 

29,097 



1914 

22,867 

34,277 

$363 

1915 

No record 


43 

1916 

No record 


16 

1917 

39,630 



1918 

103,694 

230 

2,236 

1919 

60,025 

125,966 

239 

1920 

92,141 

175,508 



1 Jap. Pat. 38,085, Feb. 24 (1921). 

2 Victor Lenher, Jour. Ind. and Eng. Chem. 12 597 (1920). 

* "Selenium and Selenium Salts," Tariff Information Series, F. L. 22, f, :i 
(1921). 
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lomestic production has stopped the importation and in 
L large shipments were exported. 

CetaLlurgy. — Selenium is easily prepared in the elementary 
a by the action of reducing agents upon selenious acid. A 
am of S0 2 is most commonly used to produce the amorphous 
a, but the same result is accomplished by such reagents as 
, zinc, stannous chloride, potassium iodide, sodium thio- 
ite, phosphorous acid, and arsenious acid. Electrolysis of 
aious acid also yields the amorphous variety. The element 
• also be obtained in colloidal form by the action of a solution 

0 2 on selenious acid ; by reduction of a dilute solution of the 
by hydrazine hydrate ; or by pouring a solution of selenium 

arbon disulfide into a large volume of ether, 
roperties. — Selenium is known in several allotropic forms 
ih are classified in a variety of ways by different authors, 
modifications known as the amorphous, vitreous, and soluble 
is may be considered as representing the same allotropic 
t even though they differ widely in appearance. For these, 
iders 1 has suggested the general name “ liquid ” selenium 
.use of the fact that they have no definite melting point, 
•.n these forms are heated they begin to soften perceptibly 
3°-60°, they become partly fluid at 100°, and fusion becomes 
plete at about 220°. After melting the material remains 
tic for a long time and shows a distinct metallic luster, 
se forms are somewhat soluble in CS 2 . 
convenient classification of the various forms is as follows : — 
Amorphous selenium is obtained by the reduction of a 
bion of selenious acid or by almost any method in which 
lium forms rapidly from its solution or vapor. When first 
led it is a bright red powder, which may remain suspended 
ic liquor for hours. When this powder is heated to about 
.t becomes darker in color and clots together, forming a soft 

3 closely resembling the vitreous form in properties. When 
rphous selenium is allowed to stand in contact with carbon 
Lfide, alcohol, benzene, or chloroform, it is transformed into 
crystals, slowly in the dark, more rapidly in the light, 
enfs such as quinoline or aniline convert amorphous sele- 
1 to the metallic form. 

l. P. Saunders, Jour. Phys. Chem. 4 423 (1900) ", see also Physical and 
iccU Properties of Selenium, by Marc, published in Hamburg, 1907. 
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(5) Metallic or gray selenium is obtained from any of the other 
forms by heating to higher temperatures. Best results are 
obtained by allowing molten selenium to cool to 210° and keeping 
the material for some time at that temperature. This is the 
stable form of selenium between ordinary temperatures and 
the boiling point, 217°. It forms steel-gray hexagonal crystals 
which are isomorphous with tellurium. When pulverized it 
forms a black powder, but on fine grinding a red color appears. 
The change from vitreous or amorphous selenium to the metallic 
form is accompanied by the evolution of about 55 calories of 
heat. 

When heated in the air, selenium burns with a bright blue 
flame, forming solid Sc0 2 and emitting a disagreeable odor 
resembling that of rotten horse-radish, the cause of which is not 
known. Selenium combines directly with hydrogen, oxygen, 
the halogens, and many of the metals. These compounds are 
formed less readily than the corresponding sulfur compounds. 
But the halogen compounds of selenium are not so readily 
hydrolyzed as are those of sulfur. Selenium is soluble in sulfuric 
acid, yielding a green solution which is said to contain seleno- 
sulfur trioxide of the formula SeS0 3 . On diluting this solution 
selenium is precipitated. Nitric acid oxidizes it to H 2 Se0 3 . 

Selenium boils at about 680°, forming a dark red vapor which 
may be condensed either as scarlet flowers of selenium or shining 
drops of molten substance. Vapor density measurements 
indicate the presence of associated molecules at lower tempera- 
tures, but at 900-950° the density indicates a molecular struc- 
ture Se 2 which is retained up to 1800°. Its molecules become 
monatomic at 2000°. Freezing point determinations indicate 
a molecule which is approximately Ses, 1 On the basis of a 
diatomic vapor the latent heat of vaporization is 135.5 calories 
per gram, the heat of sublimation is 219.4 calories, and the heat 
of fusion 83.9 calories. 2 

The ability of selenium to conduct heat varies with the method 
of preparation of the sample, its age, and the temperature at 
the time of testing.® At 25° vitreous selenium shows a thermal 
conductivity between 0.000293 and 0.000328 and crystalline 

* ZeU. anorg. Chem. 102 215 (1918). 

2 Jour. Am. Chem. Soc. 42 1579 (1920). 

* Jour . Proc. Roy, Soc. N. S. Wales 51 356 (1917). 
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selenium between 0.00070 and 0.00183. The conductivity 
increases with the temperature at which the sample is prepared 
and decreases with age. 

Metallic selenium conducts electricity rather poorly at ordi- 
nary temperatures, 1 but at 200° it becomes a fairly good con- 
ductor ; on the other hand other forms of selenium have their 
conductivity lowered by a rise of temperature. The change 
in conductivity is not uniform, but depends not only upon the 
allotropic form of selenium but also upon the previous treatment 
of the sample. Exposure to light, even for less than tu'ott of a 
second, 2 produces an increase in the conductivity of granular 
crystalline selenium ; an increase of 15 times or more has been 
claimed. When the light is shut off, the conductivity decreases 
rather slowly, reaching normal in a short time. The effect is 
produced mainly by the red rays, but very feeble beams of light 
make a notable change. It has been found that the Roentgen 
rays and radium produce a similar effect. The presence of 
turpentine, hydrogen peroxide, and various animal and vegetable 
pigments produce a slight increase in the conductivity of sele- 
nium. Many theories 3 have been advanced to account for this 
phenomenon. It was first suggested that the change in con- 
ductivity was due to the heating effect of a beam of light, but 
later it was found that the temperature of liquid air had little 
effect upon the phenomenon. Other explanations offered were : 

(1) the formation of another crystalline form of the clement; 4 5 

(2) formation of metallic selenides at the electrodes, this theory 
being supported by the fact that the use of brass or copper 
electrodes is found to have a beneficial effect upon the efficiency 
of the cells ; (3) it is suggested that fluorescence may form a 
connecting link between light and electricity ; (4) the catalytic 
effect of light in favoring certain chemical reactions ; (5) polar- 
ization between the individual crystals 6 which act as simple 
cells, the polarization being decreased by illumination ; (6) the 
ionization of the material by light. This latter theory, which 
seems to be most in favor at present, is due to Fournier D’Albe, 


1 Bidwell states that selenium may have a resistance as high as 25,000 meg- 
ohms per cubic centimeter. 

2 Thirring, Z. techn. Physik 3 118 (1922). 

2 W. Spath, Z. Physik 8 [31 165 (1922). 

* H. Pelabon, Compt. rend. 173 1466 (1921) ; ibid. 174 391 (1922). 

5 Eeichinstein, Zeit. wiss. Phot. 17 16 (1917). 
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According to this idea light produces an ionization upon the sur- 
face of the selenium, hence instantly increasing its conductivity. 
This theory explains easily why recovery is slow after the light 
is shut off. It also explains why the deep penetrating Roentgen 
rays produce a similar effect but with a much slower recovery. 

Uses. — The most spectacular uses of selenium are dependent 
on its change of conductivity when brought from dark into light, 
although the amount of selenium used in devices of this sort is 
very small. This property has been known for a long time, 
since as early as 1873 Willoughby-Smith wrote, concerning his 
experiences with selenium as an insulator in ocean cables : "By 
means of a telephone I can hear a ray of light falling on a metal 
plate. 1 ’ The first successful selenium cells appear to have been 
prepared by Graham Bell and Sumner Tainter in 1878. Many 
improvements have since been made by increasing the surface of 
selenium exposed to the light, thereby reducing materially the 
resistance to the current and increasing the effect of the light.. 
These cells are of various shapes and forms, but in general they 
consist of a device 1 for exposing to the light a maximum amount 
of a thin layer of selenium, giving a minimum distance for the 
current to pass through the selenium. A very important part 
in making a cell is to see that the selenium is carefully " an- 
nealed ” by keeping it for some time at a temperature of about 
200° in order to obtain the gray crystalline modification, Some- 
times silver is added 2 and the heated material is allowed to cool 
very slowly to room temperature. 

Many suggestions have been made for the application of 
selenium cells, but few actual uses are found to be practical, 3 
It has been used to measure faint sources of light, as from the 
variable stars, 4 and to turn on and off the light in lighthouses 
and buoys. It has been suggested also for transmitting photo- 
graphs or sketches by telegraph ; for the production of sounds 
in moving pictures ; for burglar alarms ; for exploding torpedoes 
by a beam of light ; for reading by sound ; for controlling the 
time exposure in photography ; for automatically recording the 

1 Soe Selenium Cells and How They are Made, by Samuel Wein, Progress 
Publishing Company, New York. 

* Ger. Pat. 304,261. 

3 Soe Edward Cohen, Mineral Foole-Notes, Sept.-Oct., 1919, Foote Mineral 
Company, Philadelphia. 

* See '’Selenium Cell in Practical Photometry.’* Trans. III. Eng. Soc. 16 
827 (1920). 
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density of smoke in flues and reaction chambers, and for a great 
variety of other more or less utopian purposes. The principle 
upon which these contrivances operate is the varying intensity 
of a beam of light. For example, the photophone is arranged 
to permit a person to telephone along a beam of light. The 
light falls upon a metal disk like that in the transmitter of a 
telephone. As the disk vibrates the beam of light is broken up 
into waves of varying intensities. By directing this fluctuating 
beam toward a concave mirror the light is focused upon a sele- 
nium cell, which when properly connected with a telephone 
receiver reproduces the original sounds. This is probably the 
earliest wireless telephone, and has been used over a distance of 
230 yards. In 1898* a similar receiving set was used in connec- 
tion with the speaking arc as transmitter and a conversation was 
heard at a distance of nearly five miles. In spite of its disad- 
vantages the selenium cell may be found useful in telephony 1 
and in controlling many manufacturing processes. 2 

The most practical device of this type at the present seems to 
be in connection with the lighthouse service, where lights in 
isolated places are actually regulated by means of the selenium 
cell. The “ tell-tale ” which indicates when a ship is off its 
course ought to be useful. Another application which may 
be developed through the selenium cell or some similar mech- 
anism is the speaking movie. In the Lauste system 3 the pic- 
tures and sounds are recorded on the same film ; the sounds are 
reproduced by means of a selenium cell and a telephone system, 
It is claimed that the sounds are reproduced with the utmost 
fidelity, but the great advantage with this system is the absolute 
synchronism obtained. 

Some of these devices may become useful, the chief difficulty 
now seeming to be the slow recovery of the maximum resistance 
in the selenium cell. Experiments have shown 4 that the sele- 
nium shows marked fatigue from which it recovers quite slowly, 
especially after exposure to intense illumination. A serviceable 
device to overcome this characteristic is to use a series of cells so 
arranged that while one is in use the others are recovering in the 
dark. 

1 Thirring, Z. techn. Physik. 3 1X8 (1922). 

2 Logan, Jour. Ind. and Eng. Chem. IS 40 (1923). 

8 Sd. Am. Dec. 22 1 1917) . 

4 Elektrotechn. Zeit. 40 104 (1919). 
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Ceramic 1 industries are the main consumers of selenium at the 
present time, the largest use being as a decolorizer in the manu- 
facture of glass. During the war the shortage of manganese 
encouraged the use of selenium to correct the green color of glass 
due to the presence of ferrous iron. It was found that the 
resulting glass was particularly brilliant and free from impurities. 
Consequently the use has. increased steadily in spite of the pre- 
diction that the cost would be prohibitive. 2 In 1921 there was 
a ready sale for all the selenium produced in this country. . The 
selenium was formerly added as the element, but since the loss 
is heavy due to its volatility, the addition is now commonly 
made as an alkaline earth compound. When selenium is added 
in small amounts, it produces a faint pink color. Since this 
color is not exactly complementary to the green produced by 
ferrous iron, a little cobalt oxide or arsenious oxide is also com- 
monly added. A batch of bottle glass composed of 1000 lbs. of 
sand, 200 lbs. limespar, and 370 lbs. soda ash is decolorized by 
l ounce of selenium 3 and ^ ounce of cobalt oxide. If soda ash 
is replaced by salt cake a larger amount of selenium is required, 
and in such a case is best added in the form of Na2Se0 3 - When 
selenium is added to molten glass the doors of the furnace should 
be closed securely for a time to prevent the loss of this element 
by burning out. After the selenium is thoroughly incorporated 
in the melt, there is little loss up to 1400°, 4 probably due to the 
fact that it is held in colloidal solution. If larger amounts of 
selenium aro added ruby glass is produced, highly prized for 
signal lamps because practically all the red rays of light are 
transmitted while nearly all other wave lengths are eliminated, 
Selenium is also used in the manufacture of red enamel ware and 
for the production of enameled steel products. 

Experiments have been made in regard to the uses of selenium 
in vulcanizing rubber. One process 6 adds 28 per cent selenium 
at a temperature of 160° ; 4 per cent naphthylamine is added 
as an accelerator together with zinc oxide. It is claimed that 

1 The word ’'ceramic, 1 ' as here used, is intended to include glass, glazes, and 
enamels as well as clay products. This broader interpretation of the word is 
recommended by a Committee of the American Ceramic Society, Jour. Am. 
Cer. Soc. 3 526 (1920) and indorsed by W. A. Oldfather, ibid. 3 537 (1920). 

2 See Victor Lenher, Jour. Ind. and Eng. Chem. 12 597 ; also Jour. Soc. Jap. 
Ceram. 338 44. 

* Turner and Couson, quoted in Mineral Industry 30, 616 (1921). 

4 Jour. Am. Ceram. Soc. 2 895. ‘ U. S- Pal. 1,249,272 (1918). 
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rubber prepared in this way lasts longer than a similar rubber 
which has been vulcanized with sulfur, but this claim does not 
appear to be justified. The fact that selenium has a higher 
melting point than sulfur introduces difficulties when attempts 
are made to use the former for vulcanizing processes. 

A trace of selenium in printers’ ink has a remarkable effect in 
retarding the drying process. 1 

Selenium cells have been suggested as a rectifier. 2 If an 
alternating current is superimposed upon a direct current passing 
through a selenium cell, the latter is augmented. A battery has 
been made capable of furnishing a direct current at 6000 volts 
when fed by an alternating current. 

Selenium has been used experimentally in the palliative treat- 
ment of cancer and tumors. Prepared in the ordinary way 
selenium is distinctly toxic, but electrically prepared colloidal 
selenium is said to be non-toxic as long as it is not exposed to 
an acid atmosphere. It is difficult to determine whether this 
material is successful or not. 

Compounds of selenium have been tested experimentally in 
various ways. Certain selenides 3 have been used in a limited 
way for treatment of cancer, tumor, syphilis, etc. Only the 
simplest compounds have been tried and success is not marked. 
Wasserman has attempted to substitute selenium for sulfur in 
the manufacture of dyestuffs. The substitution of selenium for 
sulfur in the preparation of fungicides and insecticides produces 
a spray, which in some cases seems to be more efficient than its 
sulfur relative. But in these uses, as in other applications of 
selenium, the cost of the material makes the utility extremely 
doubtful. Selenium dioxide has been suggested as a catalyst 
in the manufacture of sulfuric acid, 4 according to the reaction 
SeC >2 + 2 H 2 0 + 2 S0 2 = Se + 2 H 2 S 04 . The selenium is 
recovered by filtration and used again, while the selenium in 
solution in the acid is precipitated by adding S0 2 . The value 
of this process is doubtful because of the fact that the presence 
of a small trace of selenium in sulfuric acid interferes seriously 
with certain uses of sulfuric acid. Certain compounds of 

1 T. W. Anstead, Chem. and Met. Eng. 27 305 (1922). 

2 Arc. sci. phys. not. 44 472 (1917). 

3 For preparation of metallic selenides in colloidal form, see Brit. Pat. 173,507, 
Dec. 22, 1921. 

* U. S. Pat. 1,341,462. 



SELENIUM 


323 


selenium, especially lead and barium selenite, have been used 
successfully as paint bases. 1 They are fine grained, are very 
white, and possess an exceptionally high index of refraction, 
which gives them an intense opacity. 

Compounds. — The compounds of selenium resemble those 
of sulfur closely. The valence of the element is — 2 in the 
hydride, + 4 in the dioxide and its derivatives, and + 6 in the 
selenatcs. In all of its compounds selenium displays the prop- 
erties of a non-metal, its acid-forming tendency being marked 
especially in its higher valence. 

Oxygen apparently forms only one well defined compound with selenium, 
Se0 2 , although several others are mentioned. Berzelius states that the 
characteristic odor of burning selenium is due to the formation of a sub- 
oxide SeO. It is suggested 2 also that Se 2 0 3 is formed when selenium is 
dissolved in H 2 Se0 4 ; if such a compound exists it should probably be con- 
sidered as a selenium derivative of SeSOs, formed when selenium dissolves 
in H 2 SO 4 . Selenium trioxide has not been isolated, although derivatives 
of this compound are well known. 

The dioxide is formed 3 by burning selenium in oxygen containing nitrous 
fumes or by oxidation with nitric acid. Molten sulfur displaces selenium, 
SO 2 being formed. Se0 2 is a true anhydride, five parts dissolving in one part 
of hot water ; from the crystals of selcnious acid Se0 2 is readily obtained by 
heat. 

Sclenious acid, 4 H 2 Se0 3 , resembles sulfurous acid in the method of 
formation, the nature and kinds of salts formed, and its general behavior 
with oxidizing and reducing agents. Reducing agents precipitate elemen- 
tary selenium, rapidly in the presence of heat and sunlight, more slowly 
in the cold and dark. On exposure to air a colorless solution of selenious 
acid, soon develops a red tint due to the liberation of red selenium by the 
dust of the air ; this is in marked contrast with the behavior of sulfurous 
acid, which oxidizes in the air. The sclenites of the alkali metals are soluble 
in water, but those of the other metals are insoluble ; the acid selenites are 
soluble compounds. 

Selenic acid, H 2 Sc0 4 , is formed by the oxidation of selenious acid by such 
reagents as potassium permanganate, chlorine, or bromine. The best 
method 6 of preparing pure selenic acid is to add pure bromine to Ag 2 Se0 8 , 
filter off AgBr, and warm to remove bromine and water. Add H 2 S to 
remove H 2 Se0 3 and filter off the precipitated S and Se. The water solu- 
tion of selenic acid can be concentrated somewhat at ordinary pressures, 

* Henry A. Gardner. Circular, No. 62. Educational Bureau of Paint 
Manufacturers' Association of U. S., Apr., 1919. 

2 Cameron and Macallan, Proc. Roy. Soc. 46 13 (1890). 

3 J. Meyer, Ber. 65 B 2082 (1922). 

4 Rosenheim and Krause, Z. anorg. attgem. Chem. 118 177 (1921) ; Manchot 
and Ortner, ibid. 120 300 (1922). 

* Tram. Win. Acad. Sci. Arts and Letters 19 369 (1918). 
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but before all the water is driven off the acid begins to decompose, yielding 
Se0 2 , oxygen, and water. By evaporating under diminished pressure 
nearly anhydrous H 2 SeO< may be prepared. When the concentrated acid 
is diluted, much heat is evolved ; it also has the power of charring many 
organic compounds; it forms hydrates corresponding in general to those 
of sulfuric acid. The hot aqueous solution dissolves gold and copper, being 
itself reduced to selenious acid ; but with the more active metals, it yields 
selenates and hydrogen. Selenic acid is reduced 1 by H 2 S, S0 2 , sulfur, 
and selenium, somewhat slowly at room temperature, but more rapidly in 
concentrated solution and at higher temperatures. Concentrated HC1 
reduces it with the liberation of chlorine ; consequently, a mixture of selenic 
acid and concentrated hydrochloric acids will dissolve gold and platinum 
readily. Nitrosyl selenic acid is formed by the action of liquid N 2 O a on 
pure H 2 Se0 4 • H 2 0. It is unstable, decomposing at 80°. 2 * 

The selenates are formed by oxidation of the selenites or by fusion of 
selenium or selenium dioxide with KNO a or Na 2 0 2 . They resemble the 
sulfates remarkably, in hydration, crystalline form, and solubility. Barium 
selenate, while highly insoluble in water, is reduced with boiling HC1 solu> 
tion, yielding the soluble H 2 Se0 3 . This treatment reduces all selenates. 
and consequently it is of value in the detection of selenium in the higher 
state of oxidation. 

Perselenates and perselenic acid are not formed under conditions which 
are most favorable to the formation of persulfates and persulfuric acid. 
Complex selenates are known.* 

Fluorine forms a tetrafluoride, SeF ( , by interaction of the elements at 
ordinary temperatures and a hexafluoride, SeF 6 , when the reaction takes 
place at —78°. The former is hydrolyzed by water. 

Chlorine forms the monochloride, Sc 2 Cl 2 , and the tetrachloride ScCl ( . 
The former is made by passing a current of chlorine over selenium or gaseous 
HC1 into a solution of selenium in fuming nitric acid, or it may be made by 
passing dry HC1 into a solution of selenium in oleum , 4 * with gentle heating. 
It is a brown oily liquid which decomposes on heating, yielding selenium 
and its tetrachloride ; it is hydrolyzed, giving selenious acid and selenium. 

Selenium tetrachloride is prepared by the action of chlorine on Se 2 Cl 2 
or by the reaction: 3 Se0 2 + 3 PC1 6 = 3 SeCl 4 + P 2 O 5 + POCls. It is 
a yellow solid, which sublimes readily and is hydrolyzed by contact with 
moisture. 

Selenium oxy-chloride, SeOCl 2 , is one of the most interesting compounds 
which the element forms . 6 It is most easily formed by the reaction of 
SeCl< and Se0 2 in carbon tetrachloride or chloroform solutions ; it may also 
be prepared by the partial hydrolysis of SeCl< ; or by passing HC1 gas into 

1 E. B, Benger, Jour. Am. Chem. Soc. 39 2171 (1917). 

* Meyer and Wagner, {bid. 14 1032 (1922). 

* J. Meyer, Z. anorg. allgem. Chem. 118 1 (1922). 

4 Heath and Semon, Jour. Ind. and Eng. Chem. 12 1100 (1920). 

6 See articles by Victor' Lenher and his associates, Jour. Am. Chem. Soc. 42 

2498 (1920) ; ibid. 43 29 (1921) ; ibid. 43 2378, 2383 ; ibid. 44 1664 (1922) ; Jour. 
Plage. Chem. 26 166 (1922). 
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Se0 2 at moderately low temperatures, forming Se0 2 • 2 HC1, which on 
dehydration yields SeOCl 2 . As usually prepared the oxy-chloride has a 
yellow color, though the pure compound is nearly colorless. It is a heavy 
liquid (Sp. gr. 2.44) which boils at 179.5° and decomposes in contact with 
moisture in the same manner as other acid chlorides. It mixes in all pro- 
portions with CSs, CCL, CHC1 3 , C a Hs from which it may be separated by 
fractional distillation. It dissolves sulfur, selenium, and tellurium readily 
and reacts with most metals to form chlorides. It dissolves also rubber, 
redmanol, bakelite, gums, resins, celluloid, gelatin, glue, and asphalt. 
Possibly its most important properties are from its ability to serve as a 
selective solvent, in such cases as separation of unsaturated hydrocarbons, 
with which it reacts vigorously from the saturated series, which react only 
slowly at high temperatures ; it dissolves sugar and starch when warm but 
has no effect on cellulose ; it dissolves the resinous portion of coal, leaving 
a carbonaceous residue ; it dissolves MoO>. forming a solution which 
by a reversible photo-chcmical action is colorless in the dark but becomes 
blue in the light ; it docs not dissolve W0 3 , hence it may be used to separate 
molybdenum and tungsten ; in the presence of sulfuric acid it dissolves 
Cb 2 0 6 readily, while Ta 2 O s is almost insoluble. 

Selenium oxy.bromide, SeOBr 2 , is prepared by the interaction of Se0 2 
and SeBr,. It is a reddish >yellow solid, melting at about 41.6° and de- 
composing at slightly higher temperatures. The liquid is an active solvent 
and a strong oxidizing and brominating agent.’ 

Hydrogen combines directly with selenium, forming H 2 Se. The union 
takes place slowly below 320°, more rapidly at higher temperature, but as 
the temperature rises the reverse reaction becomes more apparent. At 
about 575° the maximum yield of H 2 Se is obtained. The best method of 
preparation is by the action of dilute HC1 upon a metallic selenide, such as 
Na 2 Sc, FcSc, 2 or Al 2 Se 5 . 3 Hydrogen selenide is a colorless gas, combustible, 
stable in sunlight, unaffected by dry oxygen, and possesses a persistent and 
disagreeable odor. Berzelius records 4 that a single bubble of the gas so 
paralyzed his sensory nerve that he was unable to distinguish the odor of 
strong ammonia for several hours. The sense of smell returned after five or 
six hours, but severe irritation of the mucous membrane lasted for a fortnight. 
The gas dissolves in water at the rate of 3.31 volumes in one volume of 
water at 13.2°. The solution reddens litmus, absorbs oxygen from the 
air, precipitating red selenium, precipitates metallic selenides, and is decom- 
posed by sulfur. 

Sulfur forms several series of mixed crystals with selenium, but there 
appears to be no simple compound of these elements. 

Selenosulfur trioxide, SeS0 8 , is formed when selenium is dissolved in 
fuming sulfuric acid or in sulfur trioxide. It forms a green solution. 

Many compounds of selenium, corresponding to well known sulfur 
compounds, have been prepared, such as : selenosulfuric acid, H 2 SeS0 3 ; 

> Lenher, Jour. Am. Chem. Soc. 44, 1668 (1922). 

2 Moser and Doctor, Z. anorg allgem. Chem. 118 284 (1921), 

2 J. R. Pound, Trans. Chem. Soc. 121 941 (1922), 

4 Lehrbuch 5, Aufl. 2 213. 
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selcnotrithionic aeid, IT;SVS' ; 0<, ; ji*ilyeeh-iu<l>»i, Ni«: ^ * 

many organic eompfiumls seh-nhim may ri-|>lti»v Mtiliir. fii'iw n-h *-ue- 
Iionnds as ethyl selenide, ethyl wienie w-i*l. ‘ >ir‘ .< . »•>< ( d I- - fI >- ‘>3 - r 

interest arc trimclhyfctrsinc seli-mde.' f< ’ll A-.Se, and :» H-I>)aunt i-.m ' *<d 
gas of the eoin|»isilmn dichhirdirthyl M-lcni»I>- ; 

Detection.' 1 * * — In the ordinary selu-in<- >>I ijiudit alive snnh c . * !• tmMniy 
selenium is precipitated with the willhh-s nf < -">u|- ! 1 1-y 11 > ’le j»t* - im- 
itate is dissolved in (NIIx)sS. awl -selenium i * r» |*ri-eij*ii:<n .1 •>;• a- elite h> 
tion. The following arc chnnnteristie e*»i<firii*;if or\ i< ■ 

(a) Precipitation of red HcJenium fi'iim curd .‘.ch nom*- i*«i»l .-ibPe-t-" ).y 
S0 2 , SnCl 2) NUiOII, and other reducing ugriits. I -mdls »•»* h- aUng 'll- 
precipitate turns black. 

(fc) On heating selenium or its eoni|n»iimls an «»fh ic-ive t< "••id)-Ih>k 
rotten horse-radish, is emitted. 

(c) Metallie. selenium dissolves in strong sulfuric in id, giving a gi>«n 
solution. On ddutirm the color disappear-* l*nl r» »l srloiuuio j-i» • i| •!>.•*» « 

(d) Por the detection of selenium mul li-ilnruint ft-un »h> *. : »in« « »iii|d--. 
saturate tlm solution with SO, : mil digest tic |-r- > ijutatc vu'h jk<( —semi 
cyanide solution. Selenium dissolves mol limy l*e n pot ipiisU *1 l-t u«i»te 
fioation of the cyanide solution: the residue »lu-h *1>«“ not rh»s«h< ,n 
cyanide may he tested for tellurium. 

Hecauscof the f.ict that us little ns tl d milligram of w-h rnum id ,•* liter >.t 
sulfuric aeid spoils the ueid for use in llie niiiKtifiteturr jajwr, tie- «-• 
tion of selenium in sulfuric ueid is of sjieciul imta»rtau»e \ -|.|e ate tut 
for stdouiutn is carried out. as folluws: dilute n pmloiti -it the *»ilf»ifo u-td, 
add IIC1 and SO*, when red seleniotn precipitate-* The |>dli-nu«g r«»i* 
arc also reenmmeuded : 4 (a) a few e rentals of h I nr*- tol-h d 1*> tie- »ul(>inr 
acid under examination and if seh-nium is prcsi til it is pi-*tpilul**) «r 
iodine is lihemti-.il, and niny he ih-fectcd \,y store), sol-ire.ii , d . ; « few 
drops of t, he sulfuric ueid itiiilerexiiiii illation are a-hle-i t« i-i'hio plee-pbiitc, 
when a green or liluish groeii enlnr iiidieiiles tin- -■! 1- ni-tin 1 

Determination. — Tim gravimetric determination of s-liiiem- is lartn-d 
out by weighing the, element on a lured tiller. l'reci|utntu,ii ,* la-si o„i.|r 
with sulfur dioxide or Nu s S<b fniln a solutiuti whose hulls >* at h ast ill, 
oent hydrochloric acid; or by an excess nf j-olns-uniu i«« mld-d to a 
solution containing HCI. In both ruses the uuiterinl should Is- ]».,hd i.,r 
10-20 minutes till the black selenium results, since the* h-tiu i* m>,|i- easily 
filtered and washed. 

Volumetrically selenium may Ik* determined jp M verul ways 

(1) Selenious acid reacts with a known exci-ss of up ualidc, ip the prr*- 
ence of arsenic acid, which is reduced to nm-niou* anil Af»*- r Is., ling it, 

1 Renshaw and Holm, Jour, Am, C/irm. ,sV. tl I Pis t IDgfp 

’Heath and Homiin, Jour. Irul. mi, l #«<?. fV«, IS | usi < Iti'jd, . M 
Bogart and Horrard, Jour. Am, < r h,-m. .Swr. 46 _*.'is i HrjU). 

1 See Compt, rend, 163 332 (11110). 

4 8eo also Ann. chim. anal. 23 26 (1SHH) ; C. A. 13 Rut* t ; D. rmts «a<l 
Koller, Jour. Am. Chem. Hor, 41 001 { 1010). 

•E. Schmidt, Arch, Pharm, 252 101 : A, 8 2tlOO ( 
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remove iodine, the amount of arsenious acid is determined by titration 
with iodine. 1 

(2) Selenious acid in the presence of HC1 is treated with a known excess 
of Na 2 S 2 0 3 , when this reaction takes place : H 2 Se0 3 + 4 Na 2 S 2 0 3 + 4 HC1 
= Na 2 S.iSeOi> + Na 2 S(O a + 4 NaCl + 3 H 2 0. The excess thiosulfate is 
titrated with iodine. 2 

(3) By adding an excess of KMnO<, selenious acid is oxidized to selenic 
and the excess permanganate determined with oxalic acid solution. 3 

(4) Selenic acid may be reduced to selenious by HC1 and the chlorine 
liberated caught in iodide solution.' The electrolytic determination 5 of 
selenium can be carried out only in the absence of tellurium, and its success 
is still somewhat doubtful. 


Tellurium 

History. — The early mineralogists were puzzled by a substance which 
they found in small quantities in various ores. It had a decided metallic 
luster, but its behavior was distinctly non-metallic. So they called it 
" aurum paradoxum ” or " metallum problematum.” In 1782 Reichen- 
stein made a preliminary study of the substance and reached the conclusion 
that it was a new metal with peculiar properties. Klaproth, in 1798, took 
up the study of tellurium ores, became convinced that it really was a new 
element, and suggested the name tellurium, meaning the earth element. 
Thus the discovery of tellurium preceded by nearly 20 years that of sele ► 
nium, although the latter is probably more abundant in nature. However, 
there was almost nothing done toward developing the chemistry of tellu- 
rium until Berzelius in 1832 made a much more thorough study of the 
element and its compounds. He concluded that the substance was essen- 
tially a metal, but since its compounds so closely resembled those of sulfur 
and selenium he placed it in the sulfur group. Because of lack of uses for 
tellurium and its compounds, its later development has been almost wholly 
neglected. For a long time after the announcement of MendehSeff's table 
the only interest in this element was in connection with its atomic weight. 
Recently there are indications of revival of interest in connection with 
tellurium. 

Occurrence. — Tellurium like so many of the other rare ele- 
ments occurs widely distributed in nature, but almost always in 
small amounts. It is found as native or graphic, tellurium, asso- 
ciated with sulfur, selenium, gold, silver, bismuth, copper, and 
other metals. It also is found in combination with many metals 
giving such ores as sylvanite (Au, Ag)Te 2 , petzite (Ag, Au) 2 Te 

> Gooch and Pierce. Am. Jour. Sci. (IV) 1 31 (1896). 

2 Norris and Fay. Am. Chem. Jour. i8 703 (1896) and 23 119 (1901). 

8 Gooch and Clemons, Am. Jour. Sci. (Ill) 1 51. 

4 Gooch and Evans, Am. Jour. Sci. (Ill) 1 400 ; also Zeit. anal. Chem. 57 277 
(1918). 

6 E. MQller, Zeit. physik. Chem. 100 346 (1922). 
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hessite Ag 2 Te, altaite PbTe, coloradoite HgTe, and tetradymite 
Bi 2 (Te,S) 3 - Telluric ochre or tellurite is impure Te0 2 , and a 
selenide, Te 3 Se 2l forms dark gray hexagonal crystals. Monta- 
nite, a bismuth tellurate, is found in one locality in Montana. 

Tellurium is commonly said to be less abundant than selenium, 
but this may be due to the fact that no effort has ever been made 
to collect tellurium from its various sources. The total amount 
of tellurium in gold deposits alone is probably very large. 

The chief sources of tellurium at the present time are the 
slimes from the electrolytic tanks of the copper and lead refiner- 
ies and the flue dusts from the smelters using certain ores, 
especially telluride gold ores. It is estimated 1 that the United 
States alone could produce annually as much as 125,000 pounds 
of tellurium without making any material additions to the 
present plants. The amount actually marketed has been small 
and subject to material variations. No reliable data are avail- 
able as to the amount sold. 

The price of tellurium appears to be wholly artificial. It is 
stated 2 that the price during the war was about $3.00 per pound, 
although as high as $5.00 has been charged. Sales are also 
recorded as low as 50 cents per pound, and an average price is 
somewhere around $1.50 to $2.50 per pound. 

Extraction. — Tellurium is obtained from the same sources as 
selenium. The slimes from the electrolytic refining of lead 
usually yield more tellurium, while the slimes from copper refin- 
ing are richer in selenium. Tellurium is extracted from flue 
dusts and slimes by the methods used in the reclamation of 
selenium, the two elements usually coming out together. Tel- 
lurium may be precipitated as Te0 2 from the boiling solution 
by adding sulfuric acid, 3 according to the reaction Na 2 TeO, ( 
+ H 2 SC >4 = Na 2 S0 4 + Te0 2 + H 2 0, The addition of the 
acid must be made slowly, for the solution froths badly and if 
too much acid is added Te0 2 is redissolved. From the mother 
liquor selenium is precipitated by adding sulfur dioxide. 

Metallurgy. — Metallic tellurium may be prepared from the 
precipitated tellurium dioxide by either the dry or the wet 
process. In the former the material is carefully dried, and 

t Victor Lenher, Jour. Ind. and Eng. Chem. 12, 597 (1920). 

J Min. Ind., 1917, p. 619. 

3 Merris and Binder, Eng. and Min. Jour. 106 443 (1918). 
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mixed with powdered charcoal in the proportion of about 3-5 
per cent by weight. The charge is placed in a suitable furnace, 
carefully covered to prevent loss of tellurium and heated to a 
temperature between 450° and 500° C. The yield of tellurium 
may be as high as 95 per cent, but it is sometimes as low as 50 
per cent, due largely to loss by volatilization. 

In the wet process the Te0 2 is dissolved in strong hydro- 
chloric acid, about 4 pounds of commercial acid being required 
for each pound of the dioxide. The solution is diluted with 
water to facilitate the precipitation of the tellurium, but if too 
much water is added Te0 2 is thrown out of solution. Sulfur 
dioxide is passed through the solution, and the tellurium is pre- 
cipitated as a dark gray powder. This is filtered out, dried, and 
prepared for shipment by grinding to a fine powder or remelting 
and casting into cakes or sticks. 

The dry method is more rapid, but the loss is great and 
the fumes objectionable. There is little difference between the 
methods either in cost of operation or in the purity of the 
product. 

Tellurium is also sometimes prepared from the alkaline resi- 
dues obtained in the process of extracting bismuth from its 
ores. They are acidified with HC1 and tellurium precipitated 
by sulfur dioxide. From the minerals such as tetradymite, 
tellurium may be extracted by heating strongly with sodium 
carbonate and oil. This forms sodium telluride, Na 2 Te, which 
is extracted with water, the tellurium being precipitated by 
exposure to the air. 

Crude tellurium prepared by any of these methods contains 
many impurities. To obtain pure tellurium the crude material 
is dissolved in aqua regia, and the excess nitric acid expelled by 
hydrochloric acid. Dilute so as to precipitate PbCl 2 , which is 
filtered out, and the tellurium is precipitated from the filtrate by 
means of S0 2 . This is then fused with potassium cyanide and 
the melt is extracted with water, and after filtering, tellurium is 
precipitated from the clear solution by a stream of air. Finally 
the powder is melted and distilled in an atmosphere of hydrogen. 

Purification may also be brought about by boiling the crude 
tellurium with sodium sulfide and powdered sulfur. On adding 
sodium sulfite, pure tellurium is thrown down as a dark gray 
powder. 



330 


GROUP VI— THE OXYGEN FAMILY 


Properties. — Tellurium is commonly described as giving 
several allotropic forms, 1 but these are doubtful. A form of 
tellurium sometimes described as amorphous is obtained by the 
reduction of tellurous or telluric acid by sulfur dioxide, hydra- 
zine hydrate, hydroxylamine, or other similar reagent. It is 
probable that this is not a distinct allotropic form, but that it 
is a finely divided condition which corresponds to the powder 
formed by most of the elements. Powdered tellurium is a fine 
black powder with a specific gravity of 6.015. On heating it 
becomes crystalline, heat being evolved. 2 Crystalline tellurium 
is silvery -white in color, possesses a decided metallic appearance, 
and is so brittle that it may easily be ground to a powder. It is 
a poor conductor of heat and electricity, its conductivity varying 
only slightly with change of illumination. It has a specific 
gravity of 6.27, melts at 452°, and boils 3 at about 1400°, giving 
a vapor with a golden-yellow color. The molecular weight of 
tellurium corresponds to the formula Te 2 - Its crystals are 
rhombohedric in form and are insoluble in water and carbon 
disulfide, 'but soluble in nitric acid, strong sulfuric acid, and aqua 
regia. Hydrochloric acid does not attack it, but it dissolves 
in hot alkali solutions, forming both telluridcs and tellurites. 
At ordinary temperatures tellurium remains unchanged in the 
air or in oxygen, but on heating it burns with a blue (or green) 
flame, forming Te0 2 . Colloidal tellurium may be prepared 
by the reduction of telluric acid or by electrolysis of a solution 
of tellurium in nitric acid. 

Tellurium gives a most peculiar and characteristic effect when 
introduced into the animal body through the lungs, stomach, or 
skin. Even in small amounts it produces a tellurium breath 
which is both offensive and persistent. The objectionable odor 
is also shown in the perspiration. 

The atomic weight of tellurium has furnished a problem of 
interest to chemists. Its close relationship to sulfur and 
• “lire its location in the Periodic Table in Group VI, 
I iodine. But the atomic weight determinations 
i a value of 127,5 and iodine 126.92. Because 

•c allotropy of tellurium sou Colton and Kri'iner, 
*13) and A. Damiens, Compt. rend. 174 1144 (1922). 

174 1548 (1922). 

>e boiling point is found to bo 478° according to 
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of this apparent discrepancy many efforts have been made to 
find in tellurium an unknown element of higher atomic weight. 1 
This possibility has seemed inviting also because of the fact 
that in Group VII there is room for three elements now unknown. 
Although some workers have reported results which give tellu- 
rium a lower atomic weight than iodine, other investigators 2 have 
failed to confirm these conclusions. The determination of the 
atomic numbers has shown that tellurium should be placed 
before iodine in spite of its higher atomic weight. 

Uses, 3 — Tellurium has for some time been known as the 
useless element because there have been so few applications for 
it in the industries, Its resistance to acid corrosion has sug- 
gested that it might be serviceable as an alloying element in the 
preparation of resistant alloys, but none seem to have been 
successful. It alloys with lead without difficulty, 4 increasing 
hardness and brittleness. It alloys also with tin, increasing 
the tensile strength materially but increasing its hardness only 
slightly, An alloy of zinc and aluminium with a small amount 
of tellurium has been prepared. It may be rolled into sheets, 
giving a firm metal for which great merit is claimed. These 
alloys appear to be of little value. As far as now known the 
action of tellurium forms a telluride with the metal, and these 
tellurides appear to be only slightly soluble in the molten mass. 
Tellurium has an electrical resistance of 200,000 microhms per 
centimeter cube, the highest of any metal. Consequently, 
its alloys may become useful as high resistance material. Tel- 
lurium has been used in a limited way for the coloring of glass 
or porcelain, producing brown, blue, or red under various condi- 
tions. In acid solution it is used as a dip for silver ornaments, 
giving a finish similar to that obtained by dipping in a plati- 
num solution. A solution of tellurium in sodium sulfide is used 
in toning photographic prints. Tellurium dioxide dissolved in 
hydrochloric acid is used to number the inner stems of electric 


* Steiner, Ber. 31 570 (1901) ; Flint, Am. Jour. Sci. (iv) 28 347 (1909) and 30 
209 (1910). 

2 Baker and Bennett, Jour. Chem., Soc. 91 1849 (1907) ; Marckwald, Ber. 
40 4730 (1907) and 43 1710 (1910) ; Lenher, Jour. Am. Chem. Soc. 30 741 
(1908) and 31 20 (1909). 

2 See Serial 2385, Tellurium and its Uset, by H. A, Doerner, U. S. Bureau of 
Mines. 

4 Ransom and Thieme, Chem. and Met. 25 , 102 (1921) ; Preifuss, Zeit. elek- 
trochem. 28 100, 224 (1922). 



332 


GROUP VI— THE OXYGEN EAMILY 


light bulbs, heat producing the metal, which marks the glass 
permanently. The similarity of tellurium to selenium and sul- 
fur suggests the use of the former in the dye and drug industries. 
The alkali tellurides are effective remedies against excessive 
perspiration, but their use has not been popular because of the 
offensive odors produced especially in the breath and perspira- 
tion. These compounds also produce marked physiological 
effects similar to those of arsenic. 1 They have been tried as a 
cure for cancer, tumor, syphilis, etc., but the results are not 
convincing. 2 Since tellurium dioxide is decomposed at red heat 
it becomes a powerful oxidizing agent, so its use has been sug- 
gested in the manufacture of sulfuric acid, 3 and in combustions. 4 
Recent investigations have shown that tellurium crystals are 
useful in the detectors for wireless telephones. The popularity 
of wireless equipment is shown by the fact that a single company 
has sold 5 over a ton of tellurium for this purpose, although each 
instrument requires only a few grams of the clement. The most 
interesting application yet suggested is as an anti-knock agent 
to be added to gasoline. 6 It has been found that the addition 
of a small per cent of diethyl telluride to gasoline permits the 
use of high compression motors, by means of which the mileage 
obtainable is increased as much as 100 per cent. A decided 
disadvantage in the use of this compound comes from its per- 
sistent and unbearable odor. If some method can be found to 
overcome this obstacle this device would not only serve to use 
large quantities of tellurium but it would also tend to conserve 
the supply of gasoline. It is estimated that to" tcllurize ” all 
the gasoline now used in automobiles would require 1500 tons 
of tellurium per year. 

Compounds. — The compounds of tellurium resemble those 
of sulfur and selenium quite closely, but it is somewhat more 
metallic than either of these elements. It seems logical to 
expect the oxygen compounds of tellurium to be easily reducer!, 
but it is found that the compounds of selenium are more easily 
reduced than either the sulfur or tellurium compounds. 7 

* William J. Gies, Merck's Arc, hives, Jimo, 1901. 

2 Lonhor, Jour. Irul. and Eng. Chan. 12 , 597 (1920). 

2 Zeit. angew. Chan. 34 154, 157, 162 (1921). 

* U. S. Pat. 1, .'141, 462. 

6 Chan, and Met. Eng. 27 640 (1922). 

* Midgley and Boyd, Jfiur. Irul. ami Eng. Chr.m. 14 849 (1922). 

7 Benger, Jour. Am. Chem. Soc. 39 2179 (1917). 
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Oxygen forms three oxides, TeO, Te0 2 , and Te0 3 - The first two are 
somewhat basic in nature and are represented by numerous salts in which 
tellurium is bivalent or quadrivalent, respectively. The dioxide and the 
trioxide are both mainly acidic in character, although a few hexavalent 
salts of tellurium are known. 

Tellurium monoxide, TeO, is obtained by heating TeSOj in a vacuum to 
230°, sulfur dioxide being evolved. It is amorphous, brown to black in 
color, and is easily oxidized. 

Tellurium dioxide, Te0 2 , forms when tellurium is burned in the air. 
It forms white crystals, which melt and boil without decomposition. They 
are only slightly soluble in water, but react readily with the fused alkalies, 
forming tellurites. Tellurous acid, H 2 TeO s , is formed by acidifying the 
solution of an alkali tellurite or by dissolving tellurium in nitric acid, when 
an unstable nitrate is formed from which tellurous acid separates as a 
voluminous white precipitate when the solution is poured into water. 
The tellurites of the alkali metals are best prepared by fusion of Te0 2 in 
caustic alkali ; concentrated solutions of the alkalies dissolve Te0 2 rather 
slowly, while dilute solutions are almost without effect. The tellurites of 
the heavy metals are insoluble in water but soluble in hydrochloric acid. 
The tellurites are usually of complex character rather than of the simple 
character of the analogous sulfites. Oxidizing agents transform tellurous 
acid to telluric acid ; tellurium is precipitated by sulfur dioxide but not by 
ferrous sulfate. 

Tellurium trioxide, TeOs, is made by carefully heating H 2 TeO< to a red 
heat. It is an orange*yellow crystalline substance, sparingly soluble in 
water, and easily decomposed by heat, forming the dioxide and oxygen. 

Telluric acid, H 2 TcO< • 2 H 2 0 or H«TeO e , is made by oxidizing tellurous 
acid, best by Cr0 3 , or the chlorates ; 1 by the action of an acid on a tellurate ; 
or by the oxidation of TeCL by chlorine. 1 It differs markedly from sulfuric 
and selenic acids by being a solid, much less soluble in water and much less 
completely ionized. As an acid it is very weak, much like boric or hydro* 
cyanic acid, the ionization 2 constant of a normal solution being 1.6 X 10 -4 . 
It forms various hydrates, it undergoes polymerization readily, forming 
colloidal or semi-colloidal substances, and crystallizes with such salts as 
phosphates, arsenates, iodates, and oxalates. In aqueous solution telluric 
acid is reduced by such reagents as sulfur dioxide, hydrazine hydrate, 
hydroxylamine, hydrogen sulfide, and hypophosphorous acid. 

When the hydrated telluric acid is heated to 160° water is expelled and 
a white powder known as allo*telluric acid 3 is formed. It is difficultly 
soluble in cold water, but it dissolves readily in hot water, and from the 
solution the hydrated acid crystallizes. The allo-acid is a much stronger 
acid than the hydrated acid. The formula (H 2 Te0 4 ), has been suggested 
for allo-telluric acid, which indicates that it bears to telluric acid the same 
relationship which meta-phosphoric acid bears to its ortho-acid. 

The tellurates may be prepared by fusion of tellurium or its dioxide with 

> Meyer and Moldenhauer, Zeit. anorg. allgem. Chem. 119 132 (1921). 

2 Rosenheim and Gerhart, Jour. Chem. Soc. 114 , XX, 194 (1918). 

1 Mylius, Ber. 34 2208 (1901) ; Gutbier, Zeit. anorg. Chem. 32, 96 (1902). 
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an alkali carbonate-nitrate mixture, Te 2 + K 2 C0 3 + 2 KNOa = 2 K 2 Te0 4 
+ N 2 + CO. The same results are obtained by passing chlorine into an 
alkaline tellurite, K 2 Te0 3 + 2 KOH + Cl 2 = K 2 Te0 4 + 2 KC1 + H 2 0- 
The alkali tellurates are in general soluble in water, while the tellurates of 
the other metals are sparingly soluble in water but soluble in hydrochloric 
acid. On heating, a tellurate loses oxygen and forms a tellurite. 

Hydrogen forms the telluride, H 2 Te, by direct union of the elements 1 
or by the action of acid on the tellurides of magnesium, zinc, or aluminium. 
It is a gas with an offensive odor, but its physiological action is much less 
marked than is that of hydrogen selenide. The hydride of tellurium is 
extremely unstable, being decomposed rapidly by temperatures above 0°, 
or by moist air. Unless it is thoroughly dry, H 2 Te is decomposed by sun- 
light or ultraviolet light ; it is more stable in red light. It bums easily with 
a blue flame, yielding Te0 2 and water. It is soluble in water, and from the 
solution tellurium is precipitated by the absorption of oxygen from the air. 
The solution precipitates many metallic tellurides when it is added to the 
soluble salts of the metals. 

The tellurides may be prepared in many cases by heating tellurium with 
the metal whose telluride is desired. The reaction between molten alu» 
minium and tellurium is especially satisfactory, and aluminium telluride is 
recommended as a convenient method of producing hydrogen telluride. 2 
Molten magnesium reacts vigorously, even explosively, with tellurium. 
Potassium telluride, K 2 Te, is obtained in an impure form by melting to* 
gether tellurium and potassium cyanide. Sodium and tellurium unite 
directly to form Na 2 Te and complex compounds containing more tellurium. 3 

Fluorine forms the tetrafluoride, TeF ( , by direct union of the elements or 
by the action of hydrofluoric acid upon Tc0 2 . The hexafluoride, TeFo, is 
formed by the action of fluorine upon tellurium at — 78°. It is completely 
decomposed by water. 

Chlorine combines directly with tellurium even in the cold, forming both 
TeCl 2 and TeCl 4 . The dichloride boils at 327° and so may lie separated 
from the tetrachloride (B. P. 380°) by careful distillation. Water dccom* 
poses TeCl 2 , thus, 2 TcCl 2 — h 3 II 2 0 — To -t* H 2 Tc0 3 -1- 4 IIC1. The 
tetrachloride is probably best formed by the action of sulfur inonochloridc 
on tellurium. 4 It is extremely hygroscopic and is decomposed by cold 
water. Tellurium forms no oxychloride." 

Bromine unites directly with tellurium, forming both TcBr 2 " and TeBr 4 . 

Iodine and tellurium do not unite directly 7 even though they are melted 
together in all proportions, but Tel 4 * is produced by the. action of HI upon 
tellurous acid, H 2 Te0 3 -+- 4 HI = Tcl 4 + 3 FI/). Tellurium di-iodide has 

' Moser and Ertl, Ze.it. anorg. allgam. Chcm. 118 209 (1021). 

2 Liddell, Clurm. and Mel. 25 208 (1921). 

8 Kraus and Chin, Jt\ur. Am. Chcm. Soc. 44 1999 (1922). 

4 Lonhor, Uml. 24 188 (1902). 

5 Lonhor, ihid. 31 243 (1909). 

6 Bull. Soc. Chim. 29 1003. 

7 Gi>tl*icr and Plury, Zcil. anorg. Chcm. 32 108 (1902). 

8 A. Damiens, Compl. rout 172 1105 (1921). 
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been described, but it is probably a mixture of the elements or of tellu- 
rium and Teli. 1 2 

Sulfides of tellurium have been reported by various workers, several 
formula being given for the precipitates formed when hydrogen sulfide 
is passed into a solution of an alkali tellurite or of telluric acid. These 
precipitates give up most of their sulfur to carbon disulfide, consequently 
it has been argued that the precipitates are mixtures of tellurium and sulfur. 
Snelling 1 claims to have isolated TeS, but Hageman 3 denies the existence 
of such a compound but claims that H 2 S precipitates TeS 2 as a red-brown 
powder, which is stable only at temperatures below — 20°. 

Tellurium sulfoxide, TeSO s , may be made by direct union of tellurium 
and sulfur trioxide or by dissolving tellurium in strong sulfuric acid with 
gentle warming. It forms a red solution which on further heating yields a 
colorless solution, which is the basic sulfate. The sulfoxide forms a red 
amorphous solid, which on heating to 230° loses S0 2 and leaves behind TeO . 

Organic acids like tartaric and- citric dissolve tellurium oxide, forming 
acid salts, Te(HC 4 H 4 O a )« and TefHCiHsO?)^ 4 * Oxalic, lactic, malic, and 
gallic acids dissolve appreciable amounts of tellurium dioxide, but the 
tellurium salts of these acids have not been isolated. Succinic acid does not 
dissolve Te0 2 , and the existence of tellurium oleate andstearate is doubtful. 

Detection. — Tellurium is precipitated by hydrogen sulfide along with 
selenium and the sulfides of the second group. At room temperature the 
precipitate consists of a mixture of tellurium with varying proportions of 
sulfur ; it resembles stannous sulfide in appearance. It is readily soluble 
in ammonium sulfide and from this solution it is reprecipitated by acids. 
Tellurium is readily separated from all elements whose compounds are not 
easily reduced by passing sulfur dioxide into a solution containing a small 
amount of hydrochloric acid. Probably the best method for the separation 
of selenium and tellurium comes from the fact that the former is precipitated 
by S0 2 and other reducing agents from strongly acid solutions, while the 
latter is reduced to the elementary state from faintly acid solutions only. 
The addition of KI to a tellurium solution containing a little free HC1 gives 
at first a black precipitate of Tel< which dissolves in excess of KI, forming 
K 2 TeI{, a deep red solution, from which S0 2 precipitates tellurium readily. 
Under similar treatment a selenium compound is immediately reduced to 
red selenium on the addition of KI. 

Estimation. 6 — Gravimetrically tellurium may be weighed either as the 
element or as the dioxide. For the former method, nitric acid must be 
removed by evaporation with hydrochloric acid ; then the residue is taken 
up with dilute HC1, sulfur dioxide bubbled through the solution and tellu- 
rium collected and dried on a tared filter paper. For weighing as the oxide, 
the precipitated tellurium is dissolved in nitric acid containing a few drops 

1 Comvt. rend. 171 1140 (1920). 

2 W. 0. Snelling, Jour. Am. Chem. Soc. 34 802 (1912). 

* A. M. Hageman, ibid. 41, 329 (1919). 

4 A. M. Hageman, ibid. 41 342 (1919). 

6 See the excellent summary of methods by Victor Lenher, Trans. Am. Inst, 

of Min. and Met. Eng., Feb., 1923; abstracted Min. and Met. 4 32 (1923). 
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of sulfuric acid, the solution is evaporated to dryness, and the residue 
ignited gently in a crucible. The basic acetate separation 1 precipitates Te0 2 
quantitatively in the presence of selenium, but it does not separate bismuth 
and copper completely. If a solution containing tellurium is strongly 
acidified with HC1, then heated to boiling and hydrazine hydrochloride 
and sulfur dioxide added, tellurium is completely precipitated. 2 

Volumetrically tellurium may be determined by several methods : 
(1) Tellurous acid is oxidized to telluric by permanganate either in acid 
solution 3 or alkaline solution. 4 (2) Tellurous acid in hydrochloric acid 
solution is reduced by an excess of standard stannous chloride, according 
to the reaction : TeCL + 2 SnCL = Te + 2 SnCl 4 . The excess stannous 
chloride is determined iodometrically. 6 (3) Telluric acid may be reduced 
to tellurous by the use of potassium bromide in sulfuric acid solution, thus : 
H 2 TeO ( + 2 HBr = H 2 TeOj + H 2 0 + Br 2 . The bromine is distilled into 
a solution of potassium iodide, the liberated iodine being determined by 
standard thiosulfate. 6 

The electrolytic determination of tellurium has been suggested, 7 but it is 
only possible in the absence of selenium, and its success is doubtful. 

* Browning and Flint, Am. Jour. Sci. 28 112 (1909). 

2 Lenher and Hombergor, Jour. Am. Chem. Soc. 30 387 (1908). 

3 Brauner. Monat filr Chemie 12 34 (1892). 

4 Norris and Fay, Am. Chem. Jour. 20 278 (1898) ; Gooch and Fetors, Am. 
Jour. Sci. 8 122 (1899). 

5 Brauner, Zeit. anal. Chem. 30 707 (1891). 

‘ Gooch and Howland, Am. Jour. Sci. (Ill) 48 375; Zeit. anorg. Chem. 7 132 
(1894). 

7 E. Milller, Zeit. physik. Chem. 100 346 (1922). 



CHAPTER XVIII 

GROUP VIII — THE PLATINUM METALS 


In MendcReff's table, Group VIII was distinctive from the 
fact that in place of a single element in each series there were 
blanks in all series except the fourth, sixth, and tenth, and these 
spaces were occupied by triads, which showed some striking 
analogies. Not only do the members of each triad show closely 
related properties, but their atomic weights and atomic volumes 
are much closer together than is usual in successive elements. 
This similarity is not only true of physical properties, but it is 
so strikingly true of the chemical properties that the separations 
of members of each of these triads are among the more difficult 
operations of analytical chemistry. 

In addition to the resemblance within the triads themselves, 
there is also a certain similarity between each element and the 
corresponding element in the other triads. Thus iron, ruthe- 
nium, and osmium have certain peculiar properties in common ; 
cobalt, rhodium, and iridium are somewhat alike, and nickel, 
palladium, and platinum present similar peculiarities. The 
resemblances in these vertical triads are especially striking 
between the last two members, but it is perhaps to be expected 
that the first member of such a group would differ somewhat 
from the other members. 

The dements of Group VIII form a transition series between 
the members of the even series and those of the following odd 
series in much the same way that the members of the Zero Group 
do between the odd and the following even series. They show 
properties suggestive of manganese, chromium, molybdenum, 
and tungsten as well as copper, silver, and gold. 

The principal physical properties are shown in Table XL. It 
is to be observed that there are close resemblances within the 
triads, although there is considerable departure from the order 
of atomic weights. Among the notable facts are to be observed 
the high melting points and boiling points and the high density 
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of osmium, iridium, and platinum. Under certain conditions 
osmium has the highest density of any known substance. 


Table XL 

Physical Properties of the Platinum Metals 



Atomic 

Weight 


Mean 

Atomic 

Heat 

Melting 

Point* 

C° 

Boiling 

Point* 

C° 

Density 

COEFFlI 
CIENT OF 

Expan- 

sion 

Iron . . 

55.84 

0.119 

6.64 

1505 

2450 

7.84 

o.o 4 i2 

Cobalt . . 

58.97 


6.37 

1489 

2415 

8.8 

0.041208 

Nickel . . 

58.68 



1452 

2340 

0° 

CO 

1 

00 

bo 

0.0 4 1248 

Ruthenium 


0.0611 

6.21 

>1950 

2520 

12. 

— 

Rhodium . 

102.9 

0.058 

5.97 


2500 

11-12 

0.04058 

Palladium. 


0.059 


1542 

2540 

11.4-12 

0.0412 

Osmium . 

190.9 

0.0311 

5.94 


— 

21.3-24 

— 

Iridium . 

193. 1 

0.0323 

6.24 

2360 

2550 

22.4 

0.0407 

Platinum . 

195.2 

0.0323 

6.31 

1755 

ca3900 

20.9-21.7 

O.O4I 


The metals of this group are all white and remain untarnished 
in dry air. Iron is unique in that it oxidizes readily in moist air, 
while the other metals either tarnish superficially or are entirely 
unchanged. These metals, especially in colloidal form or in the 
finely divided state, are the best catalysts known. They are such 
active catalysts that so small a quantity as 0.002 mg. of plati- 
num, 0.005 mg. of iridium, 0.0009 mg. of rhodium, or 0.0005 mg. 
of palladium may be detected on asbestos fiber by heating to 
redness in a flame and holding in a mixture of coal gas and air. 
The metallic particles become incandescent because of their 
activity in promoting the reaction between these two gases. 
Some of these metals also show the property of selective absorp- 
tion of gases to a remarkable degree. All these metals form 
organo-metallic compounds, a fact which contrasts them with 
the other members of the even series. There is also a marked 
tendency to form complex radicals, both basic and acidic, from 
which extended series of compounds are derived, the properties 

1 The melting points are those given in Recueil de Constants Physiques (1913). 

2 The boiling points are to be considered as only approximately correct. 
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of which are entirely different from the properties of the corre- 
sponding metallic salts. 

A comparison of the compounds of iron, ruthenium, and 
osmium shows many points of resemblance. All three metals 
form dichlorides, MC1 2 , and trichlorides, MC1 3 . Complex chlo- 
rides are known, such as chlorruthenites, M 2 RuCU ; chlorosmites, 
M 3 OsCle, and chlorosmates ; iron is commonly said to form no 
such derivatives, but the double salts like FeCl 3 • 2 KC1 - H 2 0 
may be written K 2 FeCls and regarded as chloroferrites. 
The only oxide common to the three metals is the sesquioxide, 
M 2 0 3 . The monoxide, MO, is common in iron, uncertain in 
ruthenium, and probable in osmium. Both ruthenium and 
osmium form dioxides, M0 2 , but iron dioxide is only known in 
the ferrites such as BaFe0 3 . Ruthenium and osmium are the 
only members of Group VIII which form oxides of the formula, 
M0 4 , although the Mendeldeff table would lead to the conclusion 
that this should be the common oxide. Both these oxides are 
volatile, and soluble in water, but neither forms hydroxides nor 
are they acidic in nature, although almost invariably the higher 
oxides of the metals show more or less striking acid properties. 
Ruthenium and osmium form ruthenocyanides, M 4 Ru(CN) 6 , 
and osmocyanides, M 4 Os(CN)«, isomorphous and similar to 
the ferrocyanides, but neither foims a series analogous to the 
ferricyanides. 

A comparative study of cobalt, rhodium, and iridium reveals 
some interesting comparisons. Cobalt is almost wholly bivalent 
in its simple salts, the only stable trivalent derivatives being 
complex salts like the cobaltinitrites and -cyanides. On the 
other hand rhodium and iridium are generally trivalent. Ac- 
cordingly the stable simple chlorides are CoCl 2 , RhCl 3| and 
IrCl 3 . From the last two are derived the double chlorides, chlor- 
rhodites, M 3 RhClo, and chloriridites, M 3 IrCle; cobalt forms 
double halides such as CoNaF 3 and CoLiCl 4 . Iridium forms 
a tetrachloride, IrCl 4 , from which are derived the chloriridates, 
MJrCle- Cobalt alone forms a monoxide, but all three metals 
form the sesquioxide, M 2 0 3 , and dioxide, M0 2 . The latter are 
slightly acidic in character, forming cobaltites, rhodites, and 
iridites respectively; these are analogous to the ferrites, ru- 
thenites, and osmites, and suggest at least a distant relationship 
to the chromites and manganites. Cobalt, rhodium, and iridium 
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cutout* viii rin-; im.atimm mkt\i.s 


form simple sulfates, .MjSo,. alums, ,\] t, • 1’_‘ !]»*), 

and double cyanides, M'.iM'* ‘N i... but cobalt i die one 

which gives 'X )«. All I lin-e nii-tai- form auiitio- 

derivativcs similar tn lltose of palladium ami platinum. A 
striking similarity is also found in tin- double mi rite-;, 
MV fOCKOal^M'allldNt >••>„. urn! MMr>N<i ; i„. Tb- potassium 
salts of t.hi' first two are relatively insoluble, but tin- last m ••utiie- 
wliat. more soluble. 

Nickel, pallatlimn, and platinum resemble the pi ereduig t de- 
ments, colialt, rhodium, and iridium, respect iv, h . and there are 
also similarities to repper, silver, and gold. Nickel ami plati- 
num occlude hydrogen at ordinary teni|ierature, hut t l»j«> proji- 
crty is most prominent iti [lalladioin, which can absorb «> numb 
as HHO volumes of the gas. AH lluce metals yield a dieliluride, 
and both palladium and platinum form double eblurides, 
M'aMd«, while nickel may nut. l'alladiuin and platinum also 
fnrtn trichlorides 1 and double salts M NMt 1. and M'XU'U; 
nickel produres no parallel eompnunds. All three metals have 
monoxides, MO, and dioxides. M( l ; , nickel and platinum have 
oxides, MaO«. and only platinum lias a si'M|iiiu\idc. The 
dioxides of nickel and platinum display feeble arid properties, 
All three metals, when in tin- thndy divide,) stale, absorb (*< t, 
but. no carbonyl compounds of palladiiim or platinum haw* U-en 
isolated ; they nil form double cyanides like K,M (t i ,, Nickel 
and palladium tire rendily precipitated by dim* Ihylglyoxiutc ; 
plutimun precipitates incumplclcly and only on boiling. 

The rare elements of tironp VIII tire collectively referred to 
as the “ Platinum Metals.’* l*'or convenience they are divided 
into the. Light Platinum Metals or Uutheuiutn tirmip nnd the 
Heavy Platinum Metals or the Osmium tlroup. 'Hie light 
metals arc characterized by the fact that they combine more 
readily with oxygen than do the heavy metals, osmium Is ing 
the only one of the latter which burns in air. Palladium is the 
only one: which dissolves in hot UNO*. Aqua regia dissolves 
osmium, forming OsO„ and platinum, giving Plf'J»; it attacks 
ruthenium slowly , while iridium and rhodium are not appreciably 
attacked, All the eom|x>tmd» of these metals are easily reduced, 
consequent ly the elementary state is the common form m 
nature. 

' According to Fromy'ii Hncyriujmlia 1‘iil 1* lias not barn iirejiMwl 
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While the members of the platinum group resemble one 
another in a very intimate manner, there are many points of 
dissimilarity to be observed. If the elements were to be ar- 
ranged in order showing the most gradual changes in chemical 
properties the order would probably be 

Os — Ru — Rh — Ir — Pt — Pd. 

In this arrangement each element resembles its neighbors, but 
between the extreme elements there is noticeable divergence. 
This order is difficult to harmonize with the other parts of the 
periodic table. 


The Platinum Metals 

History. — It is impossible to tell when mankind first began to use the 
platinum metals, for they attracted the attention of early races because of 
their simple metallurgy, bright and permanent color, and their high melting 
points. Berthelot describes > an alloy of platinum, gold, and iridium which 
was used in forming hieroglyphics at Thebes in the seventh century b.c. 
Pliny speaks of " aluta,” which is supposed to refer to platinum, a name 
which is derived from platina, a diminutive for the Spanish word plata, 
silver. About the middle of the sixteenth century, the Europeans were 
somewhat familiar with a metal from Mexico which they were unable to 
melt. In 1750 Brownrigg for the first time described the compact metal 
and termed it a " semi-mctal ” because of its peculiar properties. Many 
investigators studied this substance, each adding a few facts concerning its 
behavior. It appears to have been melted first about 1758 ; in 1772 it was 
hammered into foil and drawn into wire. The use of the oxy>hydrogen 
blowpipe in melting platinum was introduced during the first decade of the 
nineteenth century by Robert Hare of Philadelphia, the inventor of the 
blowpipe. In 1859 Debray and Deville first used a lime crucible and cover 
in fusing platinum. The early work was done almost entirely on South 
American platinum, which was difficult to obtain because the Spanish 
government forbade its exportation in order to prevent its use as an adul- 
terant for gold coins. All the early references 2 to platinum refer to a mix- 
ture of the metals of this group, usually with some gold, silver, and other 
metals. The first companion metal to platinum was discovered in 1803. 

The discovery of platinum in the Ural Mountains was made in 1819, 
but it was not until 1824 that its exportation was begun. These deposits 
developed rapidly and soon became the most important source of supply. 
In 1828 Russia began to use platinum coins, but the wide fluctuation in the 
value of platinum caused the discontinuance of platinum coinage in 1845. 

i Compt. rend. 132 729 (1901). 

1 For a complete bibliography of the Platinum Metals from early time to the 
end of 1917 see Bull. 694, TJ. S. Geol. Sure. There is, also, an excellent bibliog- 
raphy in Lei MStaux Pricieux by Jean Voisin, Encyclopidie de Chimie Indus- 
irielle (1922). 
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About the year 1803, several chemists examined the residue which 
remains as a black powder when platinum ore is dissolved. This had 
always been considered as composed mainly of plumbago, but it was found 
to contain a new metal. In 1804 Tennant ’ announced the discovery of two 
new metals from this residue. For one he suggested the name iridium, the 
rainbow element, " from the striking variety of colors which it gives while 
dissolving in acid.” The other he named osmium, from the Greek word 
meaning odor, a name suggested by the sharp smell of the volatile oxide. 
Following this announcement by only a few days, Wollaston described 2 a 
method of separating still another element from the mother liquor after 
a solution of platinum salts had been precipitated by ammonium chloride. 
This new metal formed salts whose solutions even when dilute were rose- 
red in color, so he suggested the name rhodium, rose 'colored. Wollaston 
also discovered the metal palladium while he was purifying a quantity of 
crude platinum. The actual discovery was made in 1803, but the announce- 
ment was first made anonymously in the form of an advertisement of a 
quantity of ** palladium or new silver ’* for sale. The new metal ” was 
thought to be a fraud composed of an amalgam of platinum . Later Wollaston 
declared 3 that he was the discoverer, gave his method of reclaiming pal- 
ladium from platinum ore, and explained that the element had been named 
in honor of the planetoid Pallas, discovered in 1802. 

The last member of the platinum metals to be discovered was ruthe> 
nium. This element was announced by Osann in 1828, who claimed to have 
found three new metals in some crude platinum ore from the Ural Moun- 
tains. To one he gave the name ruthenium, from Ruthenia, a name for 
Russia. He soon became convinced that one of the metals did not exist 
and for some time the others were considered to be mixtures of the oxidirs 
of titanium, iron, zirconium, and silicon. In 1845 Claus examined similar 
ores and found 4 that they contained a new metal for which he retained the 
name of ruthenium. 

Occurrence. — The platinum metals are found native, almost 
always associated with each other, and generally with small 
amounts of gold, copper, silver, nickel, iron, and other metals. 
The grains are small, rarely in nuggets, and are found in alluvial 
deposits which result from the disintegration of basic igneous 
rocks. Only a very small part of the world’s supply is derived 
from any other source than alluvial deposits. Iridosmine is a 
natural alloy of iridium and osmium containing small amounts 
of the other metals. Alloys of gold with both palladium and 
rhodium are found occasionally. The platinum metals are 
found in small amounts in copper ores such as tetrahedrite and 

> Phil. Tram. Roy. Soc. 94 411 (1804). 

2 Phil. Trans. Roy. Soc. 94 419 (1804). 

* Phil. Trans. Roy. Soc. 94 428 (1804) and ibid. 95 316 (1805). 

4 Annalen 56 257 (1845) and ibid. 59 234 (1846). 
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are reclaimed from this source from the electrolytic sludge. 
Platinum is also found in certain deposits of coal and its presence 
has been detected in a certain meteorite. 

A few compounds of the platinum metals are met, but always 
in rare minerals. Sperrylite is platinum arsenide, PtAs 2 , which 
is found in rare samples of the nickel-copper ores of Ontario and 
of copper ores at Rambler Mine, Laramie, Wyoming. Laurite 
is a rare ore composed mainly of ruthenium sulfide, RuS 2 . 

A few unusual nuggets have been discovered. The largest of 
these was found in 1843 in Russia and weighed 21.25 pounds. 
At war time prices this amount of pure platinum would be worth 
more than $36,000. A smaller nugget weighing 18g pounds 
was found in Russia in 1834. The nuggets from South America 
are smaller, one of 800 grams being reported.’ 

Deposits of platinum are found widely distributed over the 
entire world.’ Approximately 90 per cent of the total platinum 
produced has come from the alluvial deposits of Russia. Co- 
lumbia ranks second, Borneo third, United States fourth, and 
Canada fifth. It is difficult to obtain accurate figures regarding 
the actual production in Russia because the published output 
was sometimes as much as 60 per cent below the actual produc- 
tion. This was to avoid registration. The total world's pro- 
duction up to 1917 has been variously estimated from 5,000,000 
Troy ounces 3 to 11,000,000 ounces. 4 The price has gradually 
risen as the uses of these metals have increased. Table XLI 
shows the gradual rise during recent years. Owing to the scar- 
city of platinum during the war, and the urgent need for the 
metal, especially in munition work, the United States govern- 
ment set an arbitrary price of $105 per ounce, May, 1918. In 
June, 1923, prices in New York are quoted as follows : platinum 
$114.00 per ounce ; iridium $260.00-8275.00; palladium $80.00. 

Refining. 5 — All platinum ores have a high density varying 
from 14 to 19. Consequently the first steps in refining are 
usually made by a series of washings. Usually the ores are 
non-magnetic, but if the ore contains iron it may become highly 

1 George F. Kunz. Pan-American Union Bulletin, Nov., 1917. 

* See Platinum Map, p. 59, Monograph The Platinum Metals , by A. D. 
Lumb, British Imperial Institute (1920). 

« J. M. Hill, End. and Min. Jaur. 103 1145 (1917). 

4 J. L. Howe, Chem. and Met. Eng. 19 607 (1918). 

6 H. F. Keller, Jour. Franklin Inst., Nov. (1912); Les MStaux Pricieux, 
Jean Voisin (1922), 
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Table XLI 


Prices of Platinum Metals in New York in Dollars per Troy Ounce 


Platinum 5 


Iridium 8 


Pall ad) um 3 


Low- 


High 


1910 

1911 

1912 

1913 

1914 

1915 

1916 

1917 

1918 

1919 

1920 

1921 

1922 


28.00 

41.00 


43.00 

40.00 

60.00 

90.00 

100.00 

85.00 

70.00 

85.00 


39.25 

45.00 


48.00 

50.00 
110.00 
105.00 


150.00 

155.00 
80.00 
87.50 


45.00 

46.00 


108.00 


65.00 

83.00 

94.00 

150.00 

175.00 


165.00 


44.00 

56.00 

67.00 
110.00 
135.00 


55.00 


magnetic. Separation by this property is somewhat uncertain, 
consequently gravity separation is generally used. If gold 
is present it is concentrated with the platinum and may be 
separated by repeated treatment with mercury. The crude 
platinum ore which remains is usually shipped without further 
treatment to the refiners. 

Several methods are used in the refining of crude platinum 
ore, modifications being introduced to meet varying conditions, 
and usually the details of any process are closely guarded 
secrets. In general there are three steps used in the refining 
of the crude ore ; (1) the removal of osmiridium, (2) the sepa- 
ration of platinum, and (3) the separation of the other metals 
which may be present. Two types of methods are used to 
accomplish these separations, known as the wet and dry 
methods. In the former the ore is digested under slightly in- 
creased pressure with aqua regia which contains an excess of 
hydrochloric acid. The undissolved residue consists mainly 
of osmiridium, sand, and graphite. The other metals are mainly 
brought into solution by this treatment. The solution is 
evaporated in the presence of excess HC1 and the residue heated 

1 Platinum figures are from Min. Ind. 29, p. 647-548. 

s Iridium and palladium values are from Min. Resources, 19X8, p, 205. 
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fo I .'VO lii fSjn] II \< >1 :anl convert palladium to the piilludotiH 
c*>ii*l>ii*ui. I li*' residue js extracted with water, .'mil the plati- 
num i< preripn a> aiuioumiim ] ■];■ I i tiii'lil) irkl<> hy adding ,% 
saturated .'-*>|in inn nf rjti ii in >iii i m i chloride. This in filtered, 
wa h*-*i, and luniii d, w lu ll spongy platinum in obtained. 'Him 
h mode iiiii* a pr-te. *uui|>n , ssed. ami hammered into bur form 
• a He h< il in I Inn*- furnace Iiy an oxy-hydrogen flume or in un 
electric loriiu-*'. Prepared in (his way the platinum usually 
r.iiiiaui. .il***ui two j M*r eent iridium, most of which inuy hi* re- 
moved !*v i.-thv-iilvmi* in aqua regia and re|KtsiUng the anono- 
limm * him i* I*- pimpitatiun. 

l ie- di v | a • M»iuetiiues called (lie method of Deville and 
I >i l*r»\ * 1*11*1*1* in heating tie* erode platinum ore with Fidelia 
an*) lit haiife in u rev«*rlier;tli»ry ftirnaee. Metallic lend is formed, 
whi'h divKi.lv*->. platinum, forming u fusil ile alloy. Iridosmine 
do** iioi f»*iiu an alloy with lend hoi set I lea to the bollom of the 
furnace and is removed. The alloy is nijteled.mid llw residual 
platinum may I*' puritied by washing in nitric acid, dissolving 
in aqua regia uni |ireetpilaiiii|* hv Nll«(‘l as in the wetmelhod. 
Platinum prepared in tliis waiv eontnins iridium mid rhodium 
nn*l ina y l uiiinin nth* r metals. The dry melhoil gives im<*<*rtain 
results a»d is not extensively used. 

Hpe* nd met h< i* Is are Used for tie* rcrin titling of plntinom from 
other loetidlttrgiffd processes. In the elect rolytie 1'cfiuilig of 
gold. tin- pint iiiuia iiielnls are unmet lines found in the slimes and 
sometimes they r**innin in the elect roly te, Prom t lit* slimes the 
precious ne t. ah may tie removed hy the wet process and from the 
elect rolyle hv precipitation with N'lM'l, after removal of gold 
with stilfnr dioxide. The removal of platinum from the niekel- 
»'«ip|s r ores of Ontario i* long and diffienlt. In the Orford 
pit »-<•** 1 th<* inntfe is fused with sislium sulfate and ooke, then 
the " Uiit<ous ” roasted with salt and leached. Platinum is 
reclaimed from the mixed chloride-sulfate solution hy utt un- 
published process. This method dties not. recover mure than a 
small jierreiitiute of the precious metals. 

A consider!* hie amount of plttlinum is annually recovered from 
si rup metal, from electroplating solutions, and from wash* in 
the mu induct are of jewelry, in dentistry, anti in photography. 

* ,|nn (*kim /'A** M ll*Ml> : t W •! 30*10). I 'umpl. rtrtut. St SUll (1*73), 

* Hr/mrt Hvyoi O*0«n*i fiiektl Cwimlawa (1017). I*. 4S4. 
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Tin’ uni Ik «ls finpluyi-fi in the recovery of from such 

siimv.s :ih' v.'triol 1 ami naturally de|iend ntt I he Hurt of material 
and I In* nature of the neeidnpanyiiiu metals. 

The production of Hn inieally pure platinum is a difficult 
tick. which involves the exclusion of (he base metals ami the 
elimination »tf the other nn-niliers of the plalimnn group. The 
luet 1 it »*1> eMiiiiionlv i "it i j ill i_ve»l for this piirjxjse are situilur to 
those iiM-d hi the estimation of tlw metal." 

The **t!iri metal-. >.f tl>i- platinum group are ohtained ns by- 
product rn the refining of platinum. The liquor obtained from 
tie- tilt i at t»*n of .mniMiiiom ehl.,i plat mate may eonlain iridium, 
rhodium, palladium. ami jr* >h 1 . The separation of these metals 
may !»• aeeoiuph led in i-viral wavs, the tueihod shown ill 
1 aide X1.1I Umg I\pi*-al.’ 

Tie- mi tah- 1'ithetnnin. osmium. and iridium are convenient |v 
rscoven d from tie nutuj al alloy < I mdo mite m i»Mniridium. 
This tv a, whit - mineral, •o-iv hard, winch contain^ mainly 
uidimti t'lrt |« r e.-nt i and »* minm *1T Is j«-r cent i with small 
amounts of nitbeinum, rhodumi, and platinum. In ih*- relming 
of the plat mum P | . n nally yi ven separate t n at incut . sin'll as 
that shown in Tattle X 1 .1 1 1 . 

Properties. Itutl,* utum m.ninpwct form resemble* platiiumi 
in color and luster, hut ih ..tu'-w hat harder and mote brittle. 
Next t** osmium, it i*> th*- most infusible m<-tal of this group. 
It occludes gases i«-a<lilv. absorbing hydrogen when Used as 
knt lmde m the elect roU -is >4 water latue lv divided form the 
ltie till has a dull giav color and a-tvi s cJlicii ntlv as a catalyst in 
such relictions i».s tie' ovulation of alcohol to aldehyde atel acetic 
arid, I'nll-iid d ruthenium i v obtain'd bv the action of reducing 

a He tits on aqin'oiis solutions of ruthenium salts, liudemuiu 
sponge results from tie- ignition of ammonium chlot-juilienate, 
Ks plosive Mltlienuim IS prepared hv dissolving its UIH' alloy 111 
hydrochloric itcirl. Jt i* i'Y|>]**!uv** even when prepared in th** 
mIwhicc nf mr froinpiire rhodium and indium i. JJii»s<-iiV 
expbttmtmn uf this U'lutvior *i« the formation of an unstable 

* tW ?*f r* wv* l*> < * I <}w ■ r*4^*»u %n*J 1 *#1 ***■•» 

Npw **mJ Th* /'(*<»*«».# l»y I K Hof* 1 ' >* 

htmtUtn} 

1 Hftf* !»y W»<tr4 J*'V* t * hr*** .W 4$ l 

* ¥**t twrwr V»4«HI, /•<* iH «{/■•*»** i Hl. K'-IUd, J**Ukt 

Frunkhn /*wtf Vuv . 



Table XLII 

The Separation oj the Platinum Metals 


Crude ore is digested for several hours in aqua regia. 


Residue Con* 
tains iridos- 

Solution : Evaporate to a syrup, add HC1, and repeat several times. Take up with the least pos- 
sible amount of water and add concentrated NH 4 CI. After standing filter. 

mine. 

Precipitate : Wash 
with NH^Cl solu- 
tion, dry and 
ignite ; spongy 
platinum. 

Filtrate : Add zinc, filter the precipitated metals, wash with boiling water 
and add aqua regia, 


Residue : Boil with 10% KOH solu- 
tion, wash, mix the residue with 
an equal weight of NaCI, and heat 
to 440° in an atmosphere of chlorine. 
Take up with water, crystallize 
the excess NaCI, heat the liquid 
with HNO 3 and add saturated 
NH 4 CI solution. 

Solution: Evaporate, take up with 
dilute HCI and add a solution of 
mercuric cyanide. 



Precipitate : 
Wash and ig- 
nite : palla- 

dium, 

Filtrate : Add a 
concentrated 
solution of fer- 
rous sulfate. 
Filter and 
wash thor- 
oughly with 
hot water ; 
gold. 



Precipitate : Wash 
and ignite : 
iridium. 

Filtrate : Evapo- 
rate to crystal- 
lization and ig- 
nite the crys- 
tals : rhodium. 
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(iuorr viii Tin-: pi.atim m mktals 




Tahi.i. X 1.1 1 1 


Vimlili. /.? ••/ / . exc- 


I'Mw vvilli i-xi-r-.- nf ziiti- :i It. in: :• zii**- t'Uie- an- * \j» ll»d pnh i rizc 
awl In-ill with Hn.( I thin i txil. ici'l nil *, and *li ’ill ‘-to *f'»irih 
thi' volume, 

I Ijiitlhile : < ‘utiCiiiii i mli tilled li* j>i- »r A*l*l II Si » t ■>*«»! lilt *-r >-)f 
OMtiii- ii('i*I ; fi'ili till, ; »-v:« j «*r >i«- »*• divw and r-tw-i- 

dill.'i-tinu ili-lillal** • ilif-a : finally t-» th<- nhtti-ai add a !i * * 1* • H> |<l a 
in niuiinmiit wnti-r, r>-t{i;t and tli*n a ti'-tn-? *>l*itt*»*i *»f mmti'iiiinui 
l|u-l> inlii II,S, ]ifi— i lil*iri<i>'. 

Pt|iil!il ini? 1 ) > S * , j 

which mi la-atiiiK in ,i i( ,, | ,lt r ,t. \.|,| m-t 

si '‘|iim-i| tTUi'ililc^ ( 'i, |,i ; , in , ;.in» ] .»» ;t» ji«tr rhodium and 

Kivt’M n-miuiii. j inimiiiHi'hlor- rn/h*i*twn a. , a fin*- | r. 

! iri>|:tti- with will'll I f'i • d With K 1 Ml (ltd 

a*tiii- I'latl* KN't >, nli'l tin- in>-|i exlr.'iiled 

mu u Milt. With water 

I 

j Iir'ihll*!'- I’"r- Sihilih- l**trt|'tii 

(]♦<)! : t »»ii f'i»n!aiti: )ki- 

t ui « '* rh»»» t:»- run ni»ln>- 

diuin. It ale; mi 'I 

II Net,, j >r e»-!] i- 
itatmx ruth"* 
la i >1 Hi oxide, 
wlinli i-ii uim- 

t imi y t> I d * 

rutli'iinjiu 

nlliitrnpir motlifiration, wlijeh tevviiK In tt M»«lif.- form with Mo* 
lilx-rntiim nf mtirh lie.-ii, 

Hulliciiiiim iiirlmli« iiwm n tvln-n tin- /m ini t* m<|tid n> One 
air mill nt llu* wi/iif limt' M /* euveri-d with :< Mini liltii nf tin* 
rtxifir. VVIu'ii ImaU-fl i/t nxy/ten it form* ilt<- lirmut «*xide ltn* *j 
and nt tomjimit um» WH)‘ wuue Hon, »« formed. It 

mtifi'H witlj oxynt-n moat rimdily nf I In* platinum iwitd* rsfejit 
omnium. Muormr and oitlor/ne a*«iml<iiii' dir<«My with ruthe- 
nium at noun-wlmt elevati-il UtiijH-taiuroH, Tltt- tuet/d i* not 
nt larked l*y nay mt/nlr mid lupin rt Ri/i du««ilv»** it tdnwly. 
Fumi nr id aulfati-n |jav»* no «<fTcct uj»>n ruthenium. I In* iw-ft 
nolvrnt U'ing a mixture of [*>Uwtm»u hydroxide and |*>tiu>*lum 
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nitrate. tic* rmhniate K 5 ltu()| being formed. The metal may 
jiImi !«• I mi sight into solution hv fusion with sodium peroxide. 
The liuelv divided melal is rji iil»- readily soluble in alkali hyjst- 
ehh'rite ^dulmns. 

I{l,u‘l.inu reseinhli-s ;i In tti tui tint in apiK-uranee ; it is ductile himI 
malleable at red hen* ; is less fusible than platinum, but the 
molten niHaJ spits on muling. When alloyed will* platinum 
il reduces the volatility of Ihe latter. Molten rhodium dissolves 
eons idem hie carbon. bul mt cooling, Ihe carbon appears again as 
graphite. Finely divided rhodium is formed by reduction of its 
salts in hydrogen; il absorbs hydrogen only slightly blit, cata- 
lyzes the union of hydrogen and oxygen. Rhodium may he 
prepared in both colloidal mill explosive forms like ruthenium, 
except that explosive rhodium must lie prepared in the presence 
of air. The spungy laelsd duos not absorb gas. Rhodium black 
is prepared by reduction of rhodium salts in alkaline solution 
with alcohol or ammonium formate. The presence of sulfur 
eumjHiimds up) tears lo U- necessary. It is a powerful catalyst, 
oxidizing formic acid at ordinary tom [s-rut tins. If, forms a 
fusible and extremely malleable alloy with silver; it alloys 
readily with mpjsr, himuulli, tin, lead, zinc, ami platinum. 

When healed in the tiir rhodium tarnishes very slightly, but 
il is the most readily al tacked uf all the platinum metals by 
chlorine and bromine, the action on finely divided metal begin- 
ning at 250 ”. The pure tnetul is insoluble in acids and mpia 
regia, but when alloyed with small amounts of other metals, 
cs[s'ei.ally eopjier. lead or zinc, it is much more easily soluble. 
In the presence of oxygen, hydrochloric acid under pressure 
at lacks the tnetnl at a tem)>ernturo of 150 ”. Fused potassium 
arid sulfate dissolves rhodium, forming a double sulfate, and 
fused nil rate yields the sesijuioxide. 

f'nllutlhim is a white met id, Hutnewhat harder than platinum, 
possessing sotnewhal less duetility and nmllenltility. When 
heated it softens nt tenijterntures Mow its melting point, oon- 
sec)<iently it may Is* welded readily. Its melting point, about 
15 . 12 ", is the lowest of the platinum metals, but it vaporizes 
Irclow the melting point, pnslucing green vapors. Itas Itoiling 
point is approximately 25 - 10 °, 

('nUm'dat palladium is ))rt<ftnred liy reduction of the chloride 
with acrolein or hydrazine hydrate in the presence of a prot.ee- 



ciKoiT viii thk h.mim m 'n m-. 

five cnlluill. Tin- |. :u. It 

catalyzes llir lil »« »i* >■( i>» *s»* ! ■ it i 

the presence i>f .‘in alkali. l*ut n*»t Hi -i> j • i "1 o \ i '<!' < i 

lltiiliftntlll ( 'f Cl lllllilLlI JCllll’Il'ItK Hi J ’jfMt Sp< S •< lii 

lie detected 1 by the »*»• »>f Na 1 >11 »t.d II.' 1 • • : • -.1 p dl>- 

(lilim llHH IVIltitrk.'ll’le power el i » «*t ) -*»iy i"i • 1 Ut.-.ill ♦ ..f 

hydrogen fthsurlied 1 *\ a !.* i-"’- • > •■'•■1 to 

vary between 5t2fi ami lobum V * ,il •)*).< i- 

is expelled when tin* *»»lu«i>*Ji i If .r- ■! >-nt ’ie •. ,,f 

hydrogen is iiw , r ,, n*.e»| hv :*l *• »*» u» ."Uopsaf p !1 a-hum. 
Aectylcite in also U *1 1 nj»i»H *• •'»' !;* ■* th. on. - *■ » •.% 1 •- ?!»- 
reaction coni inning f » wr ovi-rd •!>■, \,\>}‘. i<**t ..hnie* 

may finally lie occluded by mm > • 1 !-> «nj» r -Puf- and pt< or. , 
rally part nf which in given up win n ;h> ••lute-ti , . J t,» 

the air, 

Palladium s/wue/e ih !*fi obtain* d i<*. h. at mg Ml. 1 , »»r 
(NIMnlMri*. in livdi •< li, | b»- m* t :d ?lis» 1 .‘-uu i i < • «r I <h 
hydrogen readily, the amount »ah<-ti up • !< 3xs1.js.14- i.« t< n<i« r.<». 
tllre. At 2(1*' llte occluding 1 » av • i e ...h* s muiii-ami. i,i,| 
volumes are taken up : at lit',. 7 -M . ••huie. :o* > t t 

— f>0, 017 Vllluniex, ajei at tie l.mpialut. ,4 lejnet air the 
outollititlf liydrnRetl ide-otlx d I* that palf:..<hun» -.Jr-ng* i» 

useful in removing tin- hi*t <1 :*«•«•.» «<j h>d«og.-n !»,.«> ••tb> 1 g * 
Palladium hind; in * 1 l,v t» «ln« o.g il».- ..f 

palladium units by Mi<h ndming :sg* nt-> »»«dium hamate 
It in lJClt till! ptJreinet.il, (.lit it •«u«t:»i?e. one <.tid< .v»>nu»h ns 
12 per cent, I'tK) Wiir fimti'l. W )»« n piU^iiinu M.-»* L *.• h. »t. <l 
in liydrogeu, the k»is jx i<-n<hlv at.>-<a )« •! w»tli material < v<4>iti<>n 
of heat, Al hinlu r t<-ui|M-r aim*-* «!<• le, u », t ft..-, 4* 
much an (171 volumes «4 ts Hit; 1 1 i.lvi.l * * v me *,«.hilti‘ <.j 
metal. When pnl!n<liuiu l.he k i*. h<is|«. tel*.! n« w at- r its 
of ftlworhiita liyilroKeti »s n«. t« axe.l until P hx* !* ■ „ * 

to tlbsorl) 1 ,201 Volume* nf the y as 1 1 ale* a 1 'I t ■, a- e 1 \ 1<1 a, 
whose chemical activify i« m> n iiced l»v tin* pi<-. I'oll.eli.mi 
black ulwtorb* mrlinii mon*.\i«l< . :ui voinuc * 1- t:»k«-n up 
slowly at ortlinary teiu|ieraiures ; tins «*»,. is tupoHy * vik-IM 
when heuted in , r )20" ll 

1 ItiMlii muj (•■riiwr. in, it ; us i *>i 

'W wnltenfli, iW tt w>i, 1*0. 

* V»J«.i(fm«'r. H't !>, -) ph ».v« |i )<*«» . i>j j. 

1 I'«»J * 1 . .J lira iim. /(« 41 s| ** ( | !*ret 



'PI IK MJ.ATINl'M MKTAUS 


351 


I'nlhidimn is not tarnished in dry or moist air or in ozone at. 
ordinary tein|ierntuivs. At dull redness it unites with oxygen, 
giving !'iU>, \\ Inn the molten metal solidities, it “spits*’ 

like '-ilvi-r. All of the halogens attack palladium at elevated 
lemjn-ratiirc. though iodine vapor reacts only incompletely 
with the linelv divided metal. Sulfur mid arsenic unite directly 
with I Ic metal at elevated temperatures. Hydrochloric acid 
dissolves the eoinpael metal slowly, hut aqua regia is a good 
solvent. < 'iinccntraled nitric acid attacks the metal, while 
dilute nit lie acid will dissolve certain alloys hut not the ports 
toel.'d. Sulfuric acid, hot and eonreiitrated, forms IMHO*, 
which is also formed by fusion with IviiSOy Palladium is 
Mitlica-iiily active tiMlisplacc mercury from the cyanides. 

a no ton in crystalline form, obtained hy treat ing its zinc alloy 
with lie ‘I. has a hluish tint, is brittle, hard enough to scratch 
glass, and has the highest density of any known substances. Its 
melting point is the highest of the inemlters of this group, and it 
vaj«tri/.es slotvlv. Colloidal osmium is prepared hy reducing 
potassium osuiate, K : t Mt„ and is dTcetive in catalyzing the 
hydrogenation of unsni united compounds tuid in the oxidation 
of carbon monoxide. It is the most effective of till the colloidal 
mends of tins group in catalyzing tin* decomposition of hydro- 
gen jteroxide. Tic most marked catalytic effect of the metal 
is in the finely divided form, in which condition it causes the 
union of hydrogen and oxygen to liecome explosive at tom- 
jterntures ns low as ■HP or IMP t *. It is one of tin* most, effective 
catalysts in the Holier process . 1 

Osmium is the only metal of this group which unites readily 
with oxygen. The finely divided metal reacts with oxygen 
of air at ordinary temperatures, this reaction probably lteing 
catalyzed hv the presence of absorbed hydrogen. It is also 
oxidized by steam, The product of oxidation, OhO*, has a 
disagreeable odor, from which the element, received its name. 
These vajKtrs are itoiwHtous and produce temftorary blindness.* 
None of tlie halogens attack the metal at ordinary temperatures, 
but latth fluorine and chlorine unite with it when heated, dim 
amorphous metal dissolves readily in fuming nitric acid and less 
readily in aqua regia; acids do not attack the crystalline form, 

i 7,rri Kbtlr* Arm 19 TH (ItlPt). 

* Di-viIIb amt ltoliiiiy, 4<t<>. ( him, Phyn. 56 !JS* r ( (IHSSI). 
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but the metal is easily brought into solution by fusion with a 
mixture of sodium peroxide and nitrate or of the corresponding 
barium salts. Finely divided osmium is soluble in alkali 
hypochlorite solutions, thus illustrating its acidic tendency. 

Iridium. The fused metal is white, with a bluish luster, 
resembling polished steel in appearance. As usually obtained 
it is hard, brittle, and almost entirely lacking in ductility. It is 
now believed that its hardness and brittleness are due to im- 
purities and that the pure metal is quite malleable. It has been 
both melted and vaporized 1 in the electric furnace. The molten 
metal absorbs carbon, which reappears as graphite when the 
metal solidifies. .Iridium foil may be made to absorb consider- 
able hydrogen, when it actively catalyzes the union of hydrogen 
and oxygen. Explosive iridium is made by preparing a zinc 
alloy of the metal and then removing the zinc with hydrochloric 
acid. The finely divided metal which remains is explosive, if 
the process has been carried out in the air. Colloidal iridium 
is made by reducing a solution of the chloride with various 
reducing agents in the presence of a protective colloid. The 
color varies from red to black, depending on the method of 
preparation. As a catalyst it is less active than platinum, but 
it aids in the decomposition of hydrogen peroxide, best in the 
presence of dilute acids ; it also causes the union of carbon mon- 
oxide and oxygen at ordinary temperatures. Iridium black is 
conveniently prepared by dissolving the sesquioxide in an alka- 
line solution and then adding alcohol and boiling. The fine 
black precipitate obtained in this way is a mixture of the metal 
and its oxides. It is an active catalyst. 

In the finely divided state, iridium shows some chemical 
activity. At a red heat it begins to unite slowly with the oxygen 
of the air, with sulfur vapor, or phosphorus. The phosphide, 2 
Ir 2 P, is decomposed at higher temperatures and the sulfide, 
Ir 2 S, may likewise be prepared by passing hydrogen sulfide over 
ammonium chloriridate, If hydrogen selenide is used, Ir 2 Se is 
formed. The compact metal is much less active, but at 1100° 
a superficial oxidation begins, forming a purple layer, Fluorine 
in the nascent state and at dull red temperatures forms a fluor- 
ide, and chlorine attacks the hot metal, especially in the presence 

* Moissan, Compt. rend. 142 189 (1906). 

8 Clark and Joslin, Am. Chem, Jour. 5 231 (1883). 
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ol sodium rhlt*ri*i*-. forming :i s* /ItiJ «!>• double sail- All simple 
,'1»')<1 add ev. il atjii ) r»gh are willimil action on I he metal except 
iii v. i v hii. lv * ii vi* I»» 1 Mate or in alloys, in which rendition a 
•d»»w* parted m .I ntern may take place. Fused alkalies in the 
pi> eii*.- «'f alkaline nitrates form soluble and insoluble iridutes, 
find pots uuo In uiiaie forms the insoluble oxide, 

/'hit. mu’ 1 1 . n whin- niei .il, intermediate in color Ik- ( ween silver 
ft lid tin- b i- softer th./ti uio-sl of the oilier metals of this group 
find iii h“th malleability and diielilitv it .approaches silver mid 
gold, it eje. t i jeal romluclivily is low, find its eoeflicienl, of 
i xpaiedoo i- lie- lowest of all tuelals, The hardness is inc reused 
by tit** addition iii iridium, lull I lie ductility is at the same f hue 
i|* erea^d. I he h udtie > of (he metal is increased also by 
iic-rhaiiica) working and decreased by keeping for a time at. a 
l.iiyht r> d beat. The volatility of platinum at temiiemtJircH 
!<• low it :■* im hing point has I wen carefully st udied. It has Urea 
shown ! that it is much more volatile in the presence of oxygen 
that* it i« in hydrogen, nitrogen, nr a vacuum, In oxygen (.he 
'■ vapor iz itioii " Itegiii* at a lemjM mlnre as low as HOC)'' when 
U t» suppos'd that arirndolhirmre oxide, l‘t( )j, is formed which 
dissociates at lower temiicmt tires, The loss of platinum by 
volatilization at !«-mjier;if tires above fit H>" is iricrciised by the 
presence of iridium but di-cri-ascil by rhodium , 9 Heated plati- 
num foil jw-rimt* hydrogen In diffuse tint tint methane, nitrogen, 
oxygen, helium, or argon. Tin* compact metal ahsorlrs some 
hydrogen, but it is all given up on cooling. 

I’imh) r/ieo/ed fihliitnm is an active catalyst, and may be con- 
veniently prepared on nsliesto* filter hy dipping the fiber in a 
solution of rhloi philinic mid mid igniting. Platinized nickel 
is made by shaking the powdered metal with a solution of clilor- 
plat ilia" arid. Tin* catalytic activity of platinum is not. affected 
by nickel, but it is dim-used or entirely destroyed by certain 
other tuelals. 

r„U„„hl plot i tut m is prepared by reduction of the chloride in 
the presence of a protect ive colloid nr by passing a s[)itrk between 
plat mam electrodes in ice water. It catalyzes the decomposi- 
tion of hydrogen peroxide in Iwth arid and iilkidinc solution; 
the union of oxygen with both carlsm monoxide and with 

< ««»l»tu. /*W. Mao U J7l) (IBIS), 

* tlMlfttw* tin) Saif. ftutMUl af fiMmlauk, Hitnili/lr. Vaptr No. 3Trl fltUfi). 



,*$ri4 niton* vm 'in i: n.ujm m 

hydrogen ; ll»' i«*n >4 utv »,ij ; the 

rciluctitiu of ninny »»rn:iin»* u * nt* • . 

Platinum f'toil- i." pia»lm»d ).-» »ic t ■ • h ! fiii . .f .ihitiiij wjtJi 
reducing ageist Mich :i> :i !♦■»•}»• ♦!. •ds'issi 1 • »t 1 1 j .& » <- . ),•„ dia/.nir 

hydrate, nil in lh** •*! :»n <)k ■■)>. >h- > ‘ >>i ii/« t ■< JJ t »r 

uitttniiiitim an* • • i % ;• - i**t On pwsp...-. nif.- 

pure finely divided pn-nju 1 a*- >• *.l •» - i Is a. ..d, ] M t i } t 

hydrogen and <*wem, and th*n- t i •- ;» -• *ii <»• I - ])•?,. shit j d.»> i- 
iHitiH hydroxide if. f* »!in«<l. ]t s .« p..»<-i/>d • - . i » . » 1 . t, ifiV.-tme 
hulls oxidation find i> du» ti*-*n tm.tea. |t « . hydvog.ii 

and fixyjjnn tin'i>nd>in*-f\jtl*.-iV' li . K n • s...t >:.i »h«- <isn.»n »,f 

(farhnii niniinxide and g. u. In 'In- pi, <n.» of gj j. .. . p r .., 
duces iiilrin.’ifid l<s nmmoni.a. )!«•» s- non * ..i j* r.|,|»»j 

to the chloride, and poi.e. mm s-.d ,t» s«. t),, s,„]id»- ' I'l nsim/tf 
1 1 lack will ,*d»viirli I »t ) volum.-*, «>f * a.dtois oiojin\sd<- l«it gjy.-, p 
tip rapidly ill -VI. 

Platinum i* ;> sofl jair<<n i # i ]at«- grc, an . j| 

in pr<*|r.irfd liv Ist atitiK fiinncaoiitii « hl'-tpl »?«»:»*• . j» 
hydrogen readily. and sf ti if . \|«- . -I t.. tin- mr niter taking up 
hydrogen it Slid*, tin- iinn.n >4 l.v dmy.-M s»n»| o-yvg.-n mu. h 
lltaf it IjcKiiiH In i'Ihw l )<« 1« i> in. * iu.»«l»- *)<«- ..J ihi <( ny 

for the* preparation of a *•, if lighting j.; v lamp ridimm, stjw.nyi. 
bImo catalyzes tie* union <4 Indn.grn and »!»•• J» d'<g, n«>. 

Kxptim ’w filut t» urn i» |it'|i,*t<d bv do*.* 1\ mg platinum m an 
excess cif million *m> , Wen r>n.»»vn,g tin f u„- « f W. » cl Thin 
farm of tlir im-tnl must I* pep, and m th< pi. .4 oxygen, 

hut the* explosive n.-(tiir< *4 th* j.r..»iu.t i-. ].<■.( n-rtstm than m 
the rw of tin* utln r m« i:»ht .4 'In'- stomp 

1*1 ut itniut reiuailiM riiit.'iiniwli.-d nl<>»i h.-.nt.d m ip.- im, j,j,d 
in tllia rra|»-*»l |t tn op.' «4 lla lii.-'O l«no:oi. ul t,f tl,« j,„ 

Wlten plat mum K|*ony< ,.t Pal i* m d*> ..wjpn »h. r»- o 

formal I si thin lu.vi-r >4 ;i l.hak <.\nh . I'H » win, ti d. .-.iinj^'d 
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Also a mixture of hydrochloric and chloric acids. Dilute 
ic acid does not attack platinum, but the hot concen- 
l acid attacks it slowly, forming such compounds as 
3) • (HS0 4 ) 2 . Fused alkali carbonates have little effect 
platinum, fused nitrates and acid sulfates are more 
i, while the fused hydroxides and peroxides attack it 
» Sulfur does not attack platinum, but some of the 
lie sulfides do. Phosphorus reacts easily with platinum, 
ng a series of fusible compounds such as PtP 2 , PtP, Pt 2 P, 
> t 3 P 5 - 1 Hence phosphates or phosphides should never be 
cl in platinum under reducing conditions. Arsenic and 
n. also combine readily with platinum. 

3S. — Ruthenium has no commercial uses at present. Its 
eness and ease of oxidation are decided disadvantages in 
e as a metal. 

odium is used to a moderate degree as an alloy of platinum, 
most important effect of a small per cent of rhodium is 
crease the volatility of the platinum. Consequently, an 
containing 10 per cent rhodium is sometimes used for 
ng laboratory dishes, and it is the most successful material 
sc as the positive element of the precious metal thermo- 
e. Rhodium is also used in alloys with platinum for 
ry. 

lladium is used widely as a catalyst and in gas analysis ; its 
5 with gold are used as platinum substitutes, not only in 
nanufacture of various types of scientific equipment but 
in dentistry, jewelry, and for plated ware. 
mium was the first metal which was found to be commer- 
- successful in an incandescent electric bulb. Such fila- 
•s were expensive not only because of the scarcity of the 
1, but also because of the difficulty of extraction and danger 
its poisonous fumes. Such filaments were quickly replaced 
filers which were more efficient and less expensive. In the 
r divided forms it is active as a catalyst, and would be used 
isively in such reactions as the Haber process if it could be 
ined in sufficient quantities at a reasonable price. Its use 
e form of " osmic acid ” as a stain for fatty tissues is well 
rn. O smi um finds some use as an alloy in platinum jewelry, 
ts presence is generally considered to be undesirable. 

1 Clark and Joslin, Am. Chem. Jour. 5 231 (1883). 
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Chlorine forms PtCL, PtCL, and PtCL, and a large number of complex 
salts. 

Platinum dichloride or platinous chloride is obtained by heating platinum 
black in chlorine at 360° or by heating chlorplatinous acid, H 2 PtCI 4 , at 
100°. It is insoluble in water, but soluble in HC1, forming tetraehlorplati. 
nous acid, H 2 PtCl 4 . Salts of this acid are important and arc quite stable. 
They are prepared by reduction of the corresponding chlorplatinates, best 
by potassium oxalate : M 2 PtCL + K 2 C 2 0 4 = M 2 PtCL + 2 KC1 + 2 C0 2 . 
The chlorplatinites are generally soluble in water, yielding red solutions, 
but the silver, lead, mercury, and thallium salts are difficultly soluble. 

Platinum trichloride is prepared by heating PtCL in dry chlorine at 
390°. It is readily soluble in boiling water, but may be hydrolyzed by 
continued boiling. The trichloride docs not dissolve in concentrated HC1, 
but when the mixture is warmed a reaction takes place, producing both 
PtCL and PtCL- 

Platinum tetrachloride or platinic chloride, PtCL, may he prepared by 
heating chlorplatinic acid in a stream of HC1 or chlorine. It has a reddish 
brown color, and on exposure to air it absmlix moisture, becoming bright 
yellow in color. It dissolves fairly well in warm water, the solution being 
strongly acidic, as is shown by the fact that it liberates rarluin dioxide from 
the carbonates. The solution is reduced by iodine, thus : PtCL + I 2 
= PtCl 2 + 2 IC1, a reaction used for the volumetric estimation of platinum. 

Hexachlorplatinic acid, H 2 PtCL, is prepared by dissolving platimun in 
aqua regia or a mixture of chloric and concentrated hydrochloric acids', 
or by dissolving platinum sponge in hydrochloric acid in the presence of 
chlorine; or by dissolving platinum black in a mixture of concentrated 
HC1 and H 2 0 2 ; or by the anodic oxidation of platinum sponge or black. If 
the solution is evaporated crystals of H 2 PtCL • 0 H 2 0 are obtained. The 
solution is a fairly strong aeid, decomposing carbonates and neutralizing 
bases, forming chlorplatinates of the general formula M 2 PtCI„. Of theso 
the most important are (NH 4 )jPtCI« and KiPtCL- They resemble each 
other in appearance, both are difficultly soluble in water, and they are 
isomorphous. The former is important in the purification of platinum 
and in the preparation of platinum sponge ; the latter is used in the quan> 
titative determination of both platinum and potassium. 

Bromine and iodine form compounds PtX 2 , PtX 4 , and H 3 PtX s , analogous 
to the corresponding chlorine compounds. 

Sulfur combines with platinum sponge or the finely divided metal on 
ignition and forms PtS. The same product is also produced when hydrogen 
sulfide is passed into a solution of an alkali chlorplatinite. 

'Platinum disulfide, PtS 2 , is precipitated when hydrogen sulfidois passed 
into a hot solution of PtCL- It is a black puwdcr which on exposure to the 
air forms an oxysulfidc, PtOS • zll 2 0, but on heating strongly in tho air 
the sulfur burns, leaving the iftetal. The disulfide dissolves only slightly 
in both acids and alkali sulfides. 

Platinic sulfate, Pt(SO,) 2 , is formed by the slow solution of platinum 
sponge in concentrated sulfuric acid. Basic sulfates are also prepared by 
dissolving hydrated platinum dioxide in sulfuric acid. 
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Selenium combines directly with platinum, forming PtSe, a very brittle 
substance. By reduction of an alkali chlorplatinate in the presence of a 
selenite a compound of the formula PtSe 2 is obtained. 

Tellurium combines with finely divided platinum, yielding PtTe 2 , which 
on heating yields both PtTe and Pt 2 Te. 

Phosphorus reacts readily with platinum, forming a fusible mass which 
probably contains a mixture of compounds such as PtP 2 , PtP, Pt 2 P, and 
Pt 3 P 6 . 

Arsenic combines with platinum sponge at elevated temperatures, form- 
ing PtAs 2 , which is found in nature as the mineral sperrylite. 

Antimony powder when mixed with platinum sponge and heated gives 
PtSb 2 , PtSb, and PtjSb 2 . 

Silicon unites with platinum when the two elements are heated together, 
PtSi being formed at moderate temperatures and Pt 2 Si in the electrie 
furnace. 

Carbonyl compounds are formed with platinous derivatives, as, for ex- 
ample, by passing carbon monoxide over platinous chloride at 250°. Under 
these conditions there is obtained a mixture of PtCl • 2 CO, and 2 PtCl 2 • 3 CO, 
which on further heating gives PtCl 2 • CO. Other platinous compounds 
yield similar derivatives. Carbonyl compounds may also be prepared by 
passing an equimolecular mixture of carbon monoxide and chlorine over 
platinum sponge or foil at 240°- 250°. This reaction is sometimes used to 
detect the presence of small amounts of rhodium or certain base metals in 
platinum.’ 

Cyanogen derivatives arc numerous and capable of great complexity. 
Platinous cyanide Pt(CN) 2 , is obtained as a yellow precipitate when mer- 
curic cyanide is added to a solution of alkali chlorplatinite. Double 
cyanides of the general formula M'^PtfCNL are formed by such reac- 
tions as 6 KCN + PtCl, = K 2 Pt(CN), + 4 KC1 + (CN) 2 . These platino- 
cyanides do not respond to the ordinary tests for platinum. These com- 
pounds yield beautifully colored hydrates, and the barium and calcium 
hydrates have optical isomeric modifications. 1 2 3 Certain of these hydrates 
become remarkably fluorescent under excitation from ultraviolet light or 
radium. 

Ammonia added to solutions of platinum salts produces a large series of 
complex derivatives, which are analogous to the compounds of chromium 
and cobalt, obtained in a similar manner. These salts do not give the 
ordinary reactions for platinum, but are capable of undergoing various de- 
compositions, thus furnishing a large number of derivatives. Many cases 
of isomerism occur among these compounds, which have been extensively 
studied by Werner.’ According to his system, the compounds are classified 
on the theory of principal and supplementary valence. The principal 
valence is that shown by an atom or radical which can exist as an ion, while 

1 Mylius and Foerster, Ber. 25 665 (1892). 

! Levy, Trans. Chem. Soc. 89 125 (1906) ; 93 1446 (1908); 101 1081 (1912). 

3 A. Werner, Neuere Anschauungm auf dem Gebiete der Anorganischen Chemie, 
or the translation in English by .Edgar P, Hadley, New Ideas on Inorganic 
Chemistry. 
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the supplementary valence is that displayed by radicals which cannot exist 
as ions. Thus an atom of platinum can hold four chlorine atoms by means 
of the principal valences, giving the molecule PtCl<. But this molecule 
can combine with two molecules of hydrochloric acid by means of the 
secondary valences of platinum and chlorine, giving H 2 PtClc. 

Platinum forms two distinct series of these complex salts, in one of which 
platinum is bivalent and in the other quadrivalent. In the platiuous series 
the metal holds four molecules or radicals coordinated with it to form the 
complex r adical , which in turn may hold two external radicals. Thus when 
ammonia is added to platinous chloride and the precipitate so formed is 
boiled with ammonia, a compound is formed having the composition 
[(NH 3 ) 4 Ptj Cl 2 . The ammonia groups may be partially or entirely 
replaced by acid groups such as Cl, N0 2 , SCN, etc. Thus we have four 
classes of derivatives which correspond to the following general formulae, 
X being used to represent any univalent acid radical and It any uni- 
valent basic radical. 

1. [(NHdiPtlXj,, Tetrammine platinous compounds. 

2. [X(NH 3 ) 3 Pt}X, Triammine platinous compounds, 

3. [Xj(NH 3 )}Pt], Diammine platinous compounds. 

4. [X 3 (NH 3 )PtlR, Monammine platinous compounds. 

Platinic derivatives of a similar nature are formed by oxidizing the 
platinum in any of the platinous derivatives. With the metal in the quad- 
rivalent state, the complex is capable of holding six molecules or radicals, 
while a maximum of four external acid radicals may attach to the complex 
as a whole. Thus we have the following series of platinic complexes : — 

1. [(NH 3 )aPtlX 4 , Hexammine platinic compounds. 

2. [X 2 (NH 3 ) 4 Pt[X 2 , Tetrammine platinic compounds. 

3. [XsCNHdsPtJX, Triammine platinic compounds. 

4. [X 4 (NH 3 ) 2 Pt], Diammine platinic compounds. 

5. [Xs(NH«)PtlR, Monammine platinic compounds. 

To make the group complete there should be a pentammine scries, but 
derivatives of this type are not known. 

In addition to these series of derivatives others are known in which tho 
ammonia radical is replaced by substituted ammonias. A few derivatives 
which contain more than one atom of platinum have also been prepared. 
These suggest enormous possibilities in the study of the complex compounds 
of platinum. 

The other platinum metals form compounds which are in gen- 
eral similar to those formed by platinum. Table XLIV gives 
in tabular form the principal compounds formed by the asso- 
ciated metals. In general their formation, characteristics, 
and properties will be suggested by comparison with the corre- 
sponding platinum derivatives. The following characteristics 
are worthy of note. 

Ruthenium, is basic in the lower states of oxidation, while its higher oxides 
are acidic. A trioxide, RuO«, and heptoxide are known only in combination, 
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Table XLIV 


Typical Compounds 1 of the Platinum Group Metals. 



Ru 

Rh 

Pd 

Os 

Ir 

Oxides . . . 



PdO 

OaO 



Ru 2 Os 

RI 12 O 3 

Pd 2 Oa • icHaO 

Os 2 Oa 

Ir 2 Oa 


RuOa 

RhOa 

PdO> • zHIO 

OsOa 

IrOa 


— 

RhOa 

— 

— 

IrOa 


ItuO, 

— 

' 

0s04 

— 

Salta -Ite . , 

M’aRuO. 

— 

— 

/ Osmyl 
\ Mi0s02X4 

— 

♦ate . . 

MlRuO, 

M'aRhO, 

— 

M 2 O 8 O 4 

— 

Per *ate . . 

M r aRuO< 

— 

— 

— 

— 

Chlorides . . . 









IrCl 


RuCla 

RhCta 

PdCIa 

OsCIa 

IrCla 


RuCI* 

RhCI, 

PdCIi 

OsCla 

IrCla 


RuCl* 

— 

— 

OsCR 

IrCU 

Chloro-aalts Hte 

M'jRuCIb 

M'aRhCL 

M'.RhCt. 

M’aPdCU 

M’aOsCI. 

M'alrCl. 

►at© 

— 

— 

M’aPdCt. 

M'aOsCl, 

M’alrC). 

Sulfides . . . 





PdaS 






— 

RhS 

PdS 

— 

IrS(?) 


RuaSi 

RhaSs 

— 

— 

IraS. 


RuSa 

— 

PdS. 

OsSa 

IrSa 


RuS< 

— 

— 

— 






OsS< 


Sulfites . . . 

Rm(SOj)f 

Rha(80s)i 

= 

OsSOa 

Ira(SOa)» 

Sulfates . . . 

— 

KI1RH 

PdSO« 

— 

lralS04)s 


Ru(SO<)a 

■afl 

— 

— 

— 

Nitrates . . . 

— 

Rh(NOa|, 

Pd(NO,)a 

— 

— 

Cyanides - . . 

— 

Rh(CN), 

Pd(CN). 

Os(CN)a 

Ir(CN). 


K4Ru(CN)b 

K,Rh(CN)a 

KaPd(CN), 

KaOslCN). 

Kalr(CN), 


The tetroxide, RuO<, is volatile with an odor resembling ozone, but it is 
not poisonous. It is soluble in alkalies, and the perruthenate so formed is 
useful in histology as a stain because of the ease with which it is reduced 
by organic substances, giving the finely divided metal. 

Rhodium is almost wholly basic in character, its salts being generally 
trivalent. The trichloride forms double salts with alkali chlorides which 
are called hexachlorrhodites, M'jRhCh, and pentachlorrhodites, M.RHC1*, 
respectively. These may be considered as double chlorides rather than as 
salts of the respective chloro-acids, since the existence of the latter is doubt- 
ful. The trichloride is insoluble in water and acids, but its hydrate is 
soluble. 

* Compounds of doubtful existence and those known only in complexes are not 
included in this table. 
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except in dilute water solution. Its potassium salt is obtained as unstable 
orange-yellow crystals when ammonia is added to a cold solution of 
0s0 4 in KOH, thus : 0s0 4 + KOH + NH, = OsNOJK + 2 H 2 0. The 
barium and silver salts are prepared in a similar manner. 

Iridium forms three series of simple salts in which the metal has valence 
of two, three, and four. The lower oxide, IrO, has been reported, but is 
doubtless unknown in the pure state. 1 Salts of this state of valence are not 
numerous or well known. On ignition of iridious chloride, IrCl 2 , in chlorine 
a monochloride is formed, 2 but it is only stable between 773° and 798° C. 

In most of its compounds iridium is either trivalent or quadrivalent, the 
latter being tailed iridic. In both states of valence, the halogen compounds 
form double salts with the corresponding alkali halides, giving chloriridites 
and chloriridatcs respectively. These are to be considered as alkali salts 
of complex acids. 

In its trivalent form, iridium forms the sesquisulfate, Ir 2 (S0 4 ) 3 , which 
like the corresponding salts of cobalt and rhodium forms a series of alums. 

Double cyanides arc formed such as potassium iridiocyanide, K 4 Ir"(CN) # , 
similar to fcrrocyunidc ; and potassium iridicyanide, K Jr’"(CN"')« to ferri- 
cyanide. The latter is more stable. 

Ammonia forms complex derivatives with all three classes of iridium 
compounds. When added to iridious chloride, IrCl 2 , or to iridic chloride, 
IrCL, the complex salts formed are analogous to the series of platinous 
and platinic ammine derivatives. When ammonia is added to the tri- 
chloride, many complex derivatives are formed which are similar to rhodic, 
cobaltic, and chromic compounds. For example, when ammonia acts upon 
ammonium iridiochloride a compound is produced having the formula 
[Cl(NHj) 5 Ir]Cl 2 , and called chloro-pentammine-iridium dichloride. 

Detection. — The qualitative separation of the metals of the platinum 
group is a difficult task, for which many methods have been proposed. 
The method outlined in Table XLV is comparatively simple and gives good 
results. Confirmatory tests are suggested by Tables XLIII and XLIV. 
A few additional characteristic tests are suggested below. 

Ruthenium is best recognized by the delicate blue color produced when 
the solution of the trichloride is treated with H 2 S. This color is possibly 
caused by the formation of the dichloride. 

Alkali chlorides precipitate K 2 RuC1j, violet, from concentrated solutions. 
This double chloride is difficultly soluble in water, but is hydrolyzed in 
boiling water, giving black insoluble oxychloride. 

Ruthenium trichloride reduced with a small amount of zinc gives an 
azure blue color probably due to RuC 1 2 ; an excess of zinc produces metallic 
ruthenium as a fine black powder. 

If a ruthenium solution is made alkaline with ammonia, a little sodium 
thiosulfate added and the mixture boiled for two or three minutes, a color 
develops varying from rose to red-purple. This test may be applied in the 
presence of iridium. 

1 W5hler and Witzmann, Zeit. anorg. Chem. 57 323 (1908). 

» W6hler and Streicher, Ber. 46 1577 (1913). 
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Table XL VI — Reactions of Platinum Group M etals in Compact Form. 1 



Ruthenium 

Rhodium 

Palladium 

Osmium 

Iridium 

Platinum 

Boiling with 
aqua regia 

Dissolves 

slowly 

Insoluble 
except in 
some alloys 

Soluble 

Soluble 

yielding 

0s0 4 

Insoluble 

Soluble 

Boiling with 
nitric acid 

Insoluble 

Insoluble 

Slowly 
• soluble 

Insoluble 

Insoluble 

Insoluble 

Boiling with 
sulfuric acid 

Insoluble 

Insoluble 

Slowly solu- 
ble, forms 

PdS0 4 

Insoluble 

Insoluble 

Attacked 

slightly 

Fusion with 
KHSO, 

No action 1 

Forms soluble 

KJth 2 (S0 4 )« 

Dissolved 

Partly 
oxidized 
to 0s0 4 

Oxidized but 
not dissolved 

Slightly 

attacked 

Fusion with 
ZOH+KNO, 

Treatment 
with iodine 
solution 

Forms Ksltu0 4l 
green, soluble 
in water 
giving orange 
solution 

Oxidized 

Oxidized 
Black stain 

Dissolved 

forming 

K?0s0 4 

! 

Oxidized to 
soluble and 
insoluble 
iridates 

Attacked 
No action 


1 J. N. Friend, Textbook of Inorganic Chemistry, Vol. IV, p. 331. §5 

2 There is some indication that ruthenium is oxidized to RuC> 2 . Crc 
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GROUP VIII — THE PLATINUM METALS 


Palladium is the only one of the rare platinum metals which reacts with 
Hg(CN) 2 . The precipitate, Pd (CN) 2 , is white with a yellowish tint, 
gelatinous and readily soluble in both KCN and NH 4 OH. 

The solution of an iodide added to a palladous solution precipitates 
black PdL, rather slowly soluble in an excess, of alkali iodide. Rhodium 
may also precipitate if present in fairly large quantities. 

Dimethylglyoxime gives a pale yellow flocculent precipitate, with pal» 
ladium salts. None of the other platinum metals will precipitate in the 
cold ; copper does not interfere but gold and nickel must be absent. 

Osmium in the metallic state sublimes at white heat without melting, 
and on heating in air or in oxygen it produces 0s0 4 , volatile, and extremely 
poisonous. This oxide is soluble in water and from this solution, Pc SO* 
precipitates Os(OH) 4 , black; sulfurous acid produces colors ranging from 
yellow to green to blue, the latter being the color of OhS 0 3 ; metallic zine 
precipitates osmium as a black powder, which is the only one of the plati- 
num metals that dissolves in hydrogen peroxide. 

Any osmium compound heated with concentrated nitric acid yields 
vapors of 0s0 4 . If 0s0 4 is distilled into water, tilt: solution slightly acidified, 
and ether or amyl alcohol added, a blue color results. This test is said to 
detect one part 0s0 4 in a million parts of water. 

A solution of a chlorosmate or of the tetroxide acidified with HCI and 
warmed with an excess of thiocarbainide, yields a deep rose color. This 
test is said to detect 1 part osmium to 100,000.’ 

Iridium tetrachloride, treated with excess of alkali hydroxides, gives i» 
green solution with a small black precipitate uf the double chloride. On 
heating the solution first becomes red, then deep iiv.urc blue, due to the 
precipitation of Ir(OH) 4 . This test, distinguishes iridium from platinum. 

Alkali chloriridutes arc reduced by ) 4 , nr tiliCh, the solutions 
being decolorized and chloriridites formed. Those suits crystallize out tin 
cooling. 

Platinum salts arc reduced by Fc*SO ( , nrSnClj, the inctpl finally resulting. 

Hatinic solutions yield with SuOlj a hlnod-rcd color if the hi tin lion is 
concentrated, or a golden brown in a dilute solution. The color is extracted 
with ether. This test distinguishes platinum from palladium, iridium, gold, 
or iron, but it must be carried out in the absence of filter paper or other 
organic matter. 

Platinic chloride is not reduced by oxalic ncid, another method of dis- 
tinguishing platinum from gold. 

Potassium iodide gives a test for platinum which is very delicate. When 
added to a solution of platinum chloride a color appears which varies from 
rose red to brown; or black Ptl 4 may lie precipitated. An excess of Ki 
produces K 2 PtI«, brown, sparingly soluble. Iron, cupper, and oxidizing 
agents interfere with this test. 

Estimation. — The quantitative determination of the, metals of the 
platinum group is a task which requires long and skillful effort on the part 
of the analyst. Many schemes of separation have licen proposed and used, 

’ Tschugaev, Cempt. rend. 167 235 (1918). 



Table XLY1I 

Reactions of Chlorides of the Platinum Group Metals } 



RuClj 

RhCl* 

PdClj 

OsCm 

1 

In Cm 

PtCli 

Color 1 

Dark brown 

Red 

Brownish- yellow 

Y ellow 

Dark brown 

Yellow 

HiS < at 80°C 

Azure blue color* 

RhjSs, brownish* 

PdS, brownish* 

OsS, brownish* 

IrjSi, brownish* 

PtSs, brownish* 


slow forming 

black 

black 

black 

black 

black 

Ammonium sulfide 

Ru, dark brown, 

RhsS*. dark brown, 

PdS, black, insol. 

Dark ppt. insol. 

IriSa, brown, sol. 

PtS 2 , brown, sol. in 


difficultly sol. in 
excess 

insol. in excess 

in excess 

in excess 

in excess 

excess giving 
(NfrhPtSs 

Caustic alkalies 

Black ppt. insol. 

Rh(OH)*, yellow* 

Basic salts, yellow* 

OsOj • 2 HtO, 

Double chloride, 

Dark ppt. of 


in excess 

brown, soL in 
excess 

brown, sol. in 
excess 

brownish* red 

brownish -black 
ppt. sol. green 

Pto. ■ (H.O) 

NH 4 OH * on 
warming 

Green color 

Slowly decolorized 

Decolorized ! 

Y ellowish* brown 

ppt. 

Bright color 

Slowly decolorized 

Saturated 2 
NHiCI 

Brown ppt. 

No ppt. 

No ppt. 

Red ppt. 

Black ppt. 

Yellow ppt. 
(NH,),PtCt« 

Saturated 

Violet ppt. cryst. 

Red ppt. cryst. 

Red ppt. 

Brown ppt. 

Brownish*red 



KCl 

KiRuCls 

KjRhCls 

KtPdCU 

cryst. RiOsCl* 

ppt. KsIrCU 


K3 solution* 
1 : 1000 

No change 

No change 

Dark ppt. Pdls, 
sol. in excess 

No change 

Yellow color 

Red* brown color; 
slow forming 

Hg(CN)i sol. 

No change 

No change 

White ppt. 
Pd(CN), 

No change 

No change 

No change 

KCNS, 1 per cent 

Dark violet color 

Yellow color 

Unchanged 

Unchanged 

Decolorized 

Increased yellow 

Hydrazine * in 

Yellow color 

Yellow color 

Pd. Black ppt. 

No change 

Yellow color 

Pt. Black ppt. 

HCt 







Dimethyl* 

Yellow ppt. 

No change 

No change 

No change 

No change 

No change 

glyoxime 2 







Metallic zinc 

Ru ppt. 

Rh ppt. 

Pd ppt. 

Os ppt. 

Ir ppt. 

Pt ppt. 


* J- N- Friend, Textbook of Inorganic Chemistry, Vol. XX, p. 332. ^ 

2 Metallic chlorides in dilute solution, See Mylius and Mazzucchelli, Zeit. anorg. Chem. 89 (1914). 
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"« 1 itlni *.f the !..»i mu nugenta Mepiinitin imDnciimti 

>■! •.'*.« ( > I-*... i.t*. t .< 1 1 l« ,nl awl rn|((H r nrr imrihlcmmu, The 

I., i,. i u . ijji.ii. ij i,, i h>. inf-tjil, jIich nilui'iil in hyiim- 

U> >; '!.<• li-.-lv.rfrt, i. | l.y f!irl*ni ilinxi'h' nr liitnigi'il. Ki*(Illff<l 

) -!:.i-!i i”> mvi S«- •>« h.| tlir nr, if n frw f|ni|m «f formin acid an* nihh'il 
1^ >j.v •< *i'tc- I t. iin iul »» t hi'n ilriiil in an nVi'n nml wi'iglii'ih 

Shtillit |i.Uiaii n<i .« jiiiT|jiiij|in| friiin hoi >hluti> milittiotiM l>y a hydru- 
»m« m v,.f 5 ..| |ii..i, , »|wi l.y j.wuiK ari tyltmn thniugli un uciiiifwd 

rii»t •••..«* it -i,utfiM«r,ti|y ilrti-nitinivl hy m'lihfyiiiK an alkali nmimtn 
ihr,lo*»»<« i»i «J>f i.i'wi.ii «.f nhnhnl Aflrt 10 12 ilium* th« i)ri:ct[iit.uUi in 

fill, -II *|,|J fr»|«|r«.| m h i •!, *nl' n 

\ w,|»<no, >.f t lir may Im rfifnrtii with formalilfthycla, tlio 

|ittlll>lllli<. *« lll( lirnl«l IH llV <ifl.|(l ll 

|»m(.II 'Mi, it, «.• cittiiti.iiiiuro hyilroai'lr, whl liyilrngfit Mtilfldf , nml <ivhjh 
(Ik n.i i(t- w.loiKin in i|ryi ( nw, i fa’ll i|{iiilf I lif n*idi«t in hydrogen 
rii’I wtnj^h (Ik IikIrI 

\ <.lunK(fK«»y * •.doinm nf (Ik tfifwanln in nridifiii! with nulfurio arid, 
|n(ARii|iiii. exfih 1..I1 <r.| mul (Ik Idfratnl nuhrif llimtial with thkwuilfatn, 
/rMltum k <j.|i»M(t«l»vi-ly mnovnl from tin mdutiotw with gruat diffi- 
rolty A iik(Iv«I i* givim ha f vn|n>f(ifinit with ar|Ui» regia, ndilinK atn« 
neanxei rManh. Ov-e drying awl igtni m* thf jireripiUted (NUdrlKIIr, 
Inn <( |««|* l« Ktnovf all indium IWmhly a Iwttor method emwiatii in 
Ueitntigh (»w»iiwe« with Ifirt in » ladfle, then igniting the nul 8 de, 
awl n»|itf««Mt with hydrogen 

Indium may l» >lHirmum! ui thf jirwwnrtj of platinum an follow* : 
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the alloy is heated with ten times its weight of lead and the button digested 
with hot nitric acid until the lead is removed ; the residue is digested with 
aqua regia which has been diluted with five parts of water, then the iridium 
metal is washed, ignited, and weighed. 

Platinum may be determined as the metal by igniting the sulfide, 
obtained by the action of H 2 S on an acidified solution of the chloride. 

Ammonium chlorplatinate may be precipitated by evaporating a 
neutral solution of PtCL just to the point of crystallization, then adding 
an excess of a saturated solution of NH 4 C1. Add alcohol, let stand twenty- 
four hours; filter, wash with 80 per cent alcohol, dry, and weigh. The 
precipitation of platinum by this method is not quite complete. The pre> 
cipitate may finally be ignited in a stream of hydrogen, but the ignition 
should never be made in air because of loss of platinum, probably through 
the volatility of PtCl 2 . 

Volumetrically, platinum may be determined by adding KI to a solution 
of platinic chloride or alkali chlorplatinate. The iodine liberated is 
titrated with thiosulfate, one molecule of platinic chloride liberating a 
molecule of iodine. This method is not extensively used. 

The plan for the quantitative separation of the metals of the platinum 
group,' given in Table XL VIII, must be considered as an approximation. 
It may be necessary to repeat the fusion with Na 2 0 2 in dissolving the melt 
in HC1. Heating the solution must be avoided to prevent loss of OsO,. 
It is probable that the chlorine distillation will have to be repeated several 
times in order to remove all of the ruthenium. Precipitation of platinum 
and iridium by means of ammonium chloride is never complete and the 
precipitate is always contaminated with rhodium and palladium. 

' For a scheme which is better suited to the analysis of alloys seo the method 
of Deville and Stas as modified by Myiius and Foerster, Bcr. 25, 665 (1892). 
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